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.

INFLUENCE OF HOT-WORKING CONDITIONS ON HIGH—~

PROPERTIES OF A HEAT-RESISTANT AIZOY

By John F. m and J.

The relationshipsbetween conditions
at high temperatures and the influence of

W. Freemm

of hot-working and properties
the hot-working on response

to heat treatment were investigated for an alloy containing nminally
20 percent chromium, 20 percent nickel, 20 percent cobalt, 3 percent
mo~bdenum, 2 percent tungsten, and 1 percent colunbium. Commercially
produced bar stock was solution treated at 2,200° F to minimize prior
history effects and then rolled at temperatures of 2,200°, 2,100°,
2,000°, 1,800°, and 1,600° F. Working was carried out at constant
temperature and with incremental decreases h temperature simulating a
falling temperature during hot-working. Tn addition, a few special
repeated cyclic conditions invol@ng a sm&U reduction at a high tem-
perature followed by a small reduction at a low temperature were used
to study the possibility of inducing very low strengths by the exten-
sive precipitation accompanying such procedures. Most of the rolling
was done in open passes with a few check tests being made with closed
passes. Reductions up to ~ percent were used, with some conditions
carried to as high as 65 percent. Heat treatments at both 2,050° and
2,200° F subsequent to working were used to study the influence on
response to heat treatment.

The evaluation of the effects of rolldng was based on rupture tests
at 1,200° and 1,500° F, on creep rates during the rupture tests, and on
creep rates for stresses of 25,000 psi at 1,200° F and 8,000 psi at
1,500° F. Hardness, microstructure, and lattice-parametermeasurements
were used to obtain data acplaining the metallurgical factors responsi-
ble for the obsemed effects on properties at high temperatures.

The results @lain many of the observed variations in properties
for the hot-worked condition. LimLted isothermal deformations increase
strength. Iarger reductions either do not increase strength or cause a
decrease. Thus, high-production processes, giving large reductions at
essentially constant temperature,-lead to low or medium strength in the
hot-worked condition. Working over a fsllling-tmperaturerange with
finis

9
temperatures of 1,8000 F or higher can give very high strengths

at 1,200 F, equal to those usuilly obtained only by hot-cold-work.
Repeated reduction with low reheat temperatures leads to very low

. . . . . . . . ...-— — ._ .-. _ ._ -.— —. —.-..:



2 NACA TN 3727

strengths. ~dness does not correlate with strengths because hardness
can conttiue to increase while strengths fall off for more than optimum
reduction. l)uctili~ in the rupture tests at 1,500° F was very sensi-
tive to amount of reduction. Very uniform response to heat treatment
was obtained, suggesting that verisble response when it occurs may be
mainly due to unidentified heat-to-heat differences.

The variations in strength in the hot-worked condition appesr to
be due to working having both a strengthening and a weakening effect
on the structure of the sUoy. Strengthening apparently was mainly due
to strain-krdming. RecrystaUization when it occurred had a weakening
effect. It suggests that weakening in the &bsence of recrystallization
is due either to the same structuml changes from rolling which induce
recrystallization at the higher temperatures or to a recovery process
simil= to recryst&Uization, possibly the formation of substructures
in.the grains. Working over a fsJ.ling-temperaturerange allows more
strengthening of the type effective at lj200° F for a given reduction.

Considerable precipitation occurs during working from 1,600° to
2,000° F, particularly at 1,800° F. This appesrs to be detrimental.to
long-time strength at 1,200° F but to have little effect at 1,500° F

b

because of edvmsive further precipitation during testing at 1,500° F.
Temperature of working has a substantial effect on properties at 1,2000 F, .

,

apparently because of the effects of the precipitation reaction. It
also had considerable influence on ductility in the rupture test at
1,500° F.

There were a number of striking relations between conditions of
working and properties at high temperaimres. For working at constant
temperature, maximum rupture stren@hs at 1,200° F were obtained for
15-percent reduction. This was probdily true for temperatures from
room temperature to 2,100° F. Tn addition, if it were not for the
influence of the high-temperature precipitation reaction, the strengths
would apparently be nearly constant. Constant maximum rupture strengths
were obtained at 1,500° F for isothemal working &cm 1,@OO to 2,200° F,
but the opthnum reductions were not constant. Maximum creep resistance
was genera13y associated with smaller reductions than was maximum rupture
strength.

Iattice mrsmeters varied msrkedlv with conditions of mrkim md
with cooling ‘rotefor reasons which a& not understood. Grain
itself did not appear to be a controUdng factor.

Because of the limitations of the expertiental conditions
are a nmiber of MmI.tations to the generality of the results.

siie in

there

..
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INTRODUC!l?IOM
.

The investigation
controlled experiments

covered by this report consisted i.nstud@ng by
the principles governing the influence of hot-

working conditions on the high-temperature properties of one type of
heat-resistant aX@y in the hot-worked condition and the influence of
such hot-working conditions on response to subsequent finel heat treat-
ments. The study a~lies mainly to those complex austenitic heat-
resisixmt alloys dependent on solution trea-nt or hot-cold-work for
properties at high temperatures and not on strong age—hardmiq
reactions.

The composition of the particular alloy used was A 0.15 Per-
cent carbonl 20 percent chromium, 20 percent nickel, 20 percent cobalt,
3 percent molybdenum, 2 percent tungsten, 1 percent colunbium, and the
balance iron. Working was carried out at several coristanttemperatures
to deftie the influence of amount of reduction at a given temperature.
Specific reductions at specific temperatures over a range of decreasing
temperatures were used to study the influence of working over the usual
fsJ3.ing-temperatureramge. Addition&1 limited studies were made to
estsblish the effects of possible heating amd working schedules involving
reheats to temperatures below and in the resolution range with reductions
at low temperatures where @ensive precipitation occurs. ~ addition,
samples were given typical final solution, solution and aging, aud solu-
tion and hot-cold-working treatments for the purpose of .study3ngthe
effects of prtor working on response to heat treatment.

At least two general factors imfluence the properties of individual
alloys of the type investigated at high temperatures. First, various
finsl treatments may be used to obtain specific properties. These can
range in wrought products from the hot-worked condition with no mibse-
Wt trea* through so-called.stress-relievlng, soltiion treatments
at various temperatures with or without mibsequent aging treatments
and, for the type of alloy considered, possibly cold-work or lmt-cold-

. working aerations after the other treatments. The other general factor
leading to variability in properties arises from the variation in prop-
erties with specific fhsl treatments. Recognized possible sources of
the latter type of variation include the influence of conditions of hot-
working on the response to find. treatments, variations in chemical com-
position, and unidentified heat-to-heat differences. “

=Operties in the hot-worked condition are considered to be diffi-
cult to control. Practical limitations in the reproducibility of con-
ditions of working as weU as lack of Informatim regarding the influence
of the conditions of working axe involved. It iS known that both Very
high and very low strengths are observed in hot-worked products not
stijected t,ofurther treatment as well as fitermediate values of strength..

. . .. . ..— — —— -- ————-—— ..— —---- —-—



4 NACA TN 3727

No completely reliable means of predicting the level of properties was
awildble. Certainl.ymicrostructure or hmlness and Qther normal short-
time mechanical-property tests do not reli~ly predict creep and rupture
values. No Mormation was available regarddng the influence of amount
and temperature of reduction on properties. Likewise, there was no good
information on the degree of influence of the hot-work@ conditions on
response to the usual final treatments as reflected in the property
ranges for a speciftc ftnsl treatment.

Exknsive previous studies had been carried out for the Nation&l
Advisory Ccmmittee for Aeronautics on the same alloy as that used for
the present investigation to establish the influence of various types
of treatment on the propertie-sat high t~eratures. The primsxy
objective of these studies had been to determine the basic fmdamental
causes for variation in properties at high temperatures. It had been
found that the creep and rupture strengths were primarily functions of
the degree of solution of odd-sized sL@i.ng atms in solid solution
and the degree of strain-hsrdeningpresent from working the metal. So
far as could be ascertained, precipitation reduced creep strength as
measured by secondsxy creep rates oril.yby removal of odd-sized atoms
from solution. Ikmreases in rupture strength from precipitation
appeared to be due mdnly to increased deformationhefore fracture
occurred and some reduction h creep rates during”primary creep. These
latter effects ticreased rupture strength only at relatively short times
for rupture (high stress levels) where their tnfluence predominated over
lowered secondary creep resistance. ~r~-~ ~cre~ed creep
and rupture strengths up to the point where recovery effects occurred
during testing because of excessive cold-work for structural stability.

..

A major objective of the present investigationwas to e@ain the
observed variation in properties at high temperatures due to working
conditions at high temperatures h term of fundammtsl concepts.
Detailed microstructumil.studies were carried out to deftie the struc-
tur~ effects of hot-working. Hardness was used as a measure of strati-
hsrdening effects. X-r~ diffraction stud3es were instituted with the
expectation of being ale to study the degree of solution of odd-sized
atoms from the alloyjng elements.

The research was conductedby the Engineering Research Institute
of the University of NKchigsn under the sponsorship end with the finan-
cisl assistsmce of the National Advisory Committee for Aeronautics as
part of an investigation of the fundamental metallurgy of heat-resistant
all~s 03?the types used h propulsion systems for aircraft.

.

.

-—. ——..— _ . -.
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EnmmmmL PRO(XDURES

Although there are numerous methods for hot-working metals and
alloys, such as rolling, forging, extruding, and pressing, this investi-
gation was limited to rollhg. By rolling, it was relatively easy to
control working variables such as temperature and smount of deformation
with reproducible rates of deformation. Bar stock was selected for the
experhnentslmateriel as the best compromise between convenience for
manipulation and minimizing temperature variation during worlclng. This
investigationwas restricted to two of the most important variables,
rolling temperature and amount of reduction. The rate of compression
during rolling was kept as nearly constant as possible by keeping the
roll.speed, roll diameter, and initial cross-sectionsl area of the stock
Constszlt.

Jn this report the term “hot-working” refers to all working carried
out @ the temperature range usually associated with the hot-working of
complex, heat-resistant alloys, irrespective of whether or not recrys-
tallization occurs. Technically, the term “hot-working” should refer
only to workhg at or ~ove the simultaneous recrystallization tempera-
tures. In comercial. practice hot-workhg is often carried oti over a
falling-temperaturerange. Although the stsrting temperature q be
well dbove the minimum temperature required for recrystallization,the
finishing temperatures can be so low that no recrystallization takes
place durhg the latter stages of working. ~ such cases, despite some
recovery or stress relief, the metal is psrtially strain-hardenedor
cold-worked. D

.
The reseamhprogrsmwas organized as follows:

(1) Stock was isothermsUy rolled var@ng amounts at temperatures
ranging above and below the mimlmum.temperature of recrystallization
duripg rolling.

(2) Stock was nonisothemslly rolled over controlled temperature
ranges to provide a basis for determinhg how decreasing temperatures
during hot-working influenced the high-temperature strengths.

(3) stock WM CYd.icl.yrolled over three taprature ranges to
determine the influence of extensive precipitation during working to
very low temperature on the properties at elevated temperatures.

(4) Heat treatment was camied out after selected conditions of
rolling to determine if the influence of hot-working was reflected in
the response to heat treatment.

. .—— - ——-. ----—- -
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(5) ~p~e and Cre= t=ts> ~ess ~as~=nts> ~~st~ct~~ .:
wsminations, and lattice-psrametermeasurementts were made after the
various hot-working operations to obtain information for- studying the
mechanism by which hot-working affects high-temperatureproperties.

MaterisJ-

~ material.used in this investigation was 7/8-tich bar stock
from a comercial heat of an alloy hsxlmg the following chemicsl
analysis: “.

Chemical composition, percent

C Mn Si Cr I?i. Co Mo W Cb N Fe—. .— —— ——— ——

o.= 1.63 0.42 2L22 19.00 19.70 2.90 2.61 0.84 0.13 BSL.

The bar stock was produced from a 13-imh billet. The comercial
processing details are given in the appendix. u

The same lot of bar stock had been utilized in other fundmentd.
studies on the same type of heat-resistant alloys.at the University of
Michigan (refs. 1 to 3). It was expected that the data from these prior ‘“
studies, concerned with the influence of heat treat&nt and cold-working
on high-temperature strength, would simplify arriwlng at general
principles.

All stock
water qpenched
working.

After the

was solution treated for 1 hour at 2,200° F and then
before rolldng to Wn3mEze the effects of the prior

Rollhg

solution treatment at 2,200° F the bar stock was rolled
at temperatures of 2,20002 2}UX102 2}0600j 1,80(Y, and 1,600° F! The con-
ditions of hot-roll.inncarried out are summr ized in figure 1. Most of the
specimens were rolled in open passes on a two-high, single-pass, non-
revemdble mill with 5-imh rolls. Both rolls were power c%riveriand
revolved at a speed of 70 rqm. No ltiricant was used on the rolling
surface.

For rollhg temperatures of 1,8ooo F and dlmve, an automatically
controlled gas-fired furnace holddng temperatures to with ti” F ‘was
used. An aticmatically controlled electric muffle furnace was used
for temperatures below 1,8ooo F.

-,

●

.- —.——-— - —— — ————.—. - - ——— .- --
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Cooling curves
maximum temperature
temperature changes
was decided to heat
temperature so that

from
drop

to a

the various rollingtemperatures showed the
during rolling to be 500 F. Because such
for any particular hot-working operation, it
slightly higher temperature than the desired

the results could be expressed in terms of the aver-

Ye actual metal temperature. Consequently, the stock was heated to
,5°F above the roUing temperature. A holding time of 1/2 huur before
rolling established thermal equilibriti between the furnace and bars.
The initial bar lengths were chosen to give a final length after rolling
ok 12 inches. All reductions were based on the orighd cross-sectimal
area.

The ro~ing procedure for making reductions * to 15 percent at
1,6000 F aud UP to 25 percent frm l@oo tO 2,2000 F WL3StO paSS the
bar through the rolls twice for a given roll setting, turning the bar 90°
between passes. Reductions of 25 percent at 1,600° and ~ percent at
1,800° F and above could not be made in a single roll sett~ because
of the limitations of the rolling mill. Consequently, for these reduc-
tions the stock was first rolled 10 percent at 1,600° F or 15 percent
at 1,800° F and dbove, reheated for 5 minutes, and dhen reduced an
additional 15 percent at 1,6000 F or 25 percent at 1,8000 F and above.
A @-percent reduction at 1,600° F required successive reductions
of 10, 15, md 15 percent with two 5-minute reheats. A reduction of
65 percent required successive reductions of 15, 15, 15, 10, and 10 per-
cent with four reheats. AU. bars were air cooled after the final
reductions.

.

Rather approximate procedures, in comparison with actusl practice,
where temperatures probably fall centinuously during working, were used
to simulate working on a falling-temperaturerange. These were dictated
by the need to know as exactly as possible the actual temperadmres and
amounts of reduction. Rolling over a temperature range involved the fol-
1
9

procedure: For rolling first at 2,200° F and then finishing at
2,000 F, the bars were rolled initisJly 15 percent at 2,200° F;
replaced in the furnace, which cooled in 6 minutes for rolling at
2,000° FJ and then reduced an additional 25 percent. Two furnaces were
used for rollhg first at 2,200°, 2,000°, or 1,8ooo F and thm reducing
again at 1,8000 or 1,600° F. The bars for these series were first
heated to the initial rolMng temperature in the established mmner,
rolled, and then imediatel.y placed in the second furnace w~ch was
matitained at the desired lower rolling temperature, cooled to that
temperature in the furnace, and given the second reduction. One series
of b~s was rolled 10 percent each at 2,200°, 2,000°, 1,800°, and
1,600 F, giv3ng a total reduction of ~ percent. For this series the
gas-fired furnace was used for cooling between 2,200° and 2,000° F and
the electric furnace was used for temperatures of 1,8000 and 1,6000 F.

. . . . ... . ——— .-. —.——. —— —. ———- .—— —— -———.—



8 MACA TN 3727

lb these ~eriments in,lving one or more reductions at succes-
sively lower temperatures, a dumqy bar with a thermocouple inserted tnto

,,

the center along the longitudinal axis was used to determine when the
stock was at the proper rollinn temperature. Measurementts with the
dummy b= indicated that a period of 6 minutes was sufficient to reach
the desired temperature for s21 temperature intervsls.

An UUUSUSJ.and complex series of reductions was carried out to
check the effect of precipitation during rolling on the high-temperature
strength of the alloy. One group of bars in this series was rolled as
folluws: Heated to 1,8000 F, held 1/2 hour, rolled 5 percent, cooled
to 1,500° F, rolled 5 percent, held 2 hours, smd then reheated to
1,8000 F, with the cycle repeated three more times to give a totsl of
40-percent redu6tion. The two other gr~s of bars in this series were
rolled in the same way except that the rolddng temperatures were 2,000°
smd 1,500° F and 2,200° and 1,500° F, respectively.

In order to check the uniformity of working over the cross-
sectional area, hsrdness surveys were made across the transverse sections
of selected bars rolled between 5 and 25 percent. Pickers hardness tests .
(50-kilogrsm load) were used for these surveys. Li&wlse, six beam from
each of three roll- conditions were checked for hardness to see if
there were any pronounced variations h the hardness of simUmKly rolled
bars. No variations were found in either case.

In the open-pass rolling the roll speed, roll surface, and initial
size of the stock were kept the same throughout the investigation.
This was done ti order to keep variations in the compression rate nearly
the same. However, by varying the mount of reduction, the compression
rate during rolling was slso varied. Although variations b compressicm

-Wrdming during cold-working,theyrate have little effect on strain
do have an effect during hot-rolling.

A mall mount of closed-pass rolling was done to study the rela-
tive ~uence of a chmge in the mode of deformation during rolling.
That is, rolling in closed passes eliminated the lateral spread which
occurred during open-pass rolling.

The closed-pass work was done on a lsrge reversing m!.11recently
installed at the University of Michigan and equipped with rolls

~ inches in dismeter and 27 inches long. The roll speed used was
G

30 rpm. Reductions of 15 md 25 percent at 1,8000 and 2,0000 F and of
65 percent at 1,8ooo F were made h closed passes. ~ rolling pro-
cedure was the same as that described shove for open-pass rolling with
the exception that the stock was passed through the rolls only once for

.

the 15- or 25-percent reductions. TIE 65-percent reduction at 1,800° F
.
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wm made using a series of 7/8-, 3/4-, 5/8-, and l/2-imh-squsre passes.
These square passes were separated frcm one another by oval passes. Sti
reheats were required.

Prior to rolling 15 or 25 percent h a closed pass, the bars were
macbinedto an hitial size such that, after they were put through the
3/4-inch pass, the desired reduction was obtained.

Z!heactual reductions after rolling for both open and closed
passes in no instance differed by more than 2 percent from the desired
reductions.

Rupture and Creep Tests

Both rupture and creep tests were used to evaluate the experimental
variables. Testm temperatures of 1,200° and 1,500° F were used to
cover the temperature range in which the type of alloy is widely used.

Theeffect of sJJ-rolling conditions on rupture and creep strength
in the hot-worked condition was determined. Stress-rupture tests were
of sufficient duration to estdblish the rupture strengths for 100 and
1,000 hours. The creep tests of 1000-hour duration were conducted at
1,2000 F under 25,000-psi stress and at 1}5000 F mder 8~000-psi stress.
Creep data were also established for the rupture tests. Minimm creep
rates were used to evaluate the effects of vsri~les on creep resistance.

Conventionalbeam-loaded units were used for both creep and rupture
tests. The test specimens machined from the bar stock were 0.250 tich
in diameter with a l-inch gage length. Accurate meas~ ts were made .
on all specimens prior to testm. Time-elongation data were taken
dur~ the rupture tests by a method in which mvement of the beem was
related to the extension of the specimen. Modified Martens-type exten-
someters with a sensitivity of M. 00002 inch were used to obtain time-
elongation data for the creep tests. Reynolds, IYeemsn, and White
(ref. k) found that there was good ageement between creep rates from
the two types of deformation measurements. The creep and rupture units
were equipped with automatically controlled electric resistance furnaces.
Temperature Variations along the gage length of the specimens were held
to less than 3° F. The load@g practice followed was to bring both
specimen and furnace up to within 100° F of the testing temperature
overnight. Ih the morning the unit was brought up to lxmperature and
then loaded.

Several check creep tests were run during this investigation, as
noted in the tabulations of the experimental data, and the corresponding
creep rates checked within tO.00003 percent per hour.

. . . ... ... ..-— ———— .--— _ . . ..— — .—. —— - —-. -.
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Hardness

Hardnesswas intended to be used as a measure of strain-~
during hot-working. It is recognized that certain variations in hard-
ness resulted frm precipitation. However, for any given rolklng tem-
perature the change in hardness with amount of reduction was primarily

-~.a function of the strain

Hardness measure3nentswere made at the center of transverse sec-
tions cut from sJJ.specimens after rolling. A Brtiell hardness macldne
with a 10-millimeterbsll and a 5,000-ldlogram load was used.

Iattice Psmmeters

The intent was to use lattice-parameter variaticms as a measure of
the extent to which odd-sized atoms from the dhying elements rqmined
h solution aft= roIMng.

A minimum of 0.03 inch was removed from the surface of samples in
an electrolytic polisher in order to -e a surface free of prepara-

.

tion strains. An electrolyte consist- of one-third concentrated
hydrochloric acid and two-thirds glycerin was used. The parameter .’
measurements were made using a high-precision syniuetricslfocusing cam-
era. Cohen’s method (ref. 5) was used to compensate for uniform shrink=
age of film and camera radii errors. Several check tests were run and
the reproducibility was determhed to be within 0.0005 angstrom unit.

.
For the most part, the measurements were made on surfaces trans-

verse to the rolling direction. However, several measurements were also
made on surfaces either pm_@.lel to or at 45° to the rolling direction
to check for possible orientation effects. .

Mi.crostructuralStudies

Sectionsparallel to the roll- axis were cut from &U bars after
ro~ and prepsred for metsMographic examination. All specimens were
electrolytically etched in 10 percent chromic acid solution.

In addition to the examination of the structures of the variously
rolled bars, extensive studies were made on completed creep specimens.

. .*

Theresults of the
for isothermal rolling,

experimental studies are presented separately ““ =
rolling<and fsll~ temperatures, special cyclic

..— — ..— .—. —- .——.
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conditions of rolling, and response to heat treatment. The influence
of conditions of rollhg was evaluated thrbugh determination of rupture
and creep pxprties at 1,200° and 1~500° F> hardness values, micro-
structure, and lattice parameters. .All testing was carried out on hOt-
worked materiel except for that involving the influence of worldng con-
ditions on response to heat treatment.

Attention is directed to the fact that in each case the hot-working
was carried out starting with 7/8-inch-sguarebar stock that had been
heated 1 hour at 2,2000-F
mercial.lyproduced fran a

The data reported in

sad titer qyen&d. The stock had been com-
large tarefurnace ingot.

Isothermal RoM

this section =e for the as-rolled condition
for rolling at c~nstant temperature. Tables I through IV and figures 2
through 19 present the rupture and creep data. Hardness data are
included in tdble V and figure 20. Typical.microstructure are shown
by figures = through 27. Iattice-parameter data are in table VI and
are illustratedby figures 28 through 32.

Rupture properties at 1,200° F.- The imfheqce of amount of reduc-
tion and temperature of roUing on the rupture properties at 1,200° F
was as follows:

(1) A reduction of approximately 15 percent resulted in maximum
ru@ure strength for both 100 and 1,000 hours for rolling temperatures
of 1,600° to 2,100° F (see figs. 2(a) through 6(a)). Reductions
between O and k percent at 2,2(20°F had no significant influence on
the rupture strengths (fig. 2(a)).

(2) The influence of temperature of reduction on rupture strengths
is summarizedby figure 7(a). The maxhum strengths at 15-percent
reduction increased as the rolling temperature was reduced from 2,200°
to 2,000° F. Iowering the ro~ing temperature to 1,8000 and I.,6000 F
increased the strength for 100 hours sliglrlilynmre but resulted h a
decrease in 1,000-huur strength. The loss in strength by larger reduc-
tions was nemly constant at each temperature so that the curves for
40-percent reduction (fig. 7(a)) were ne=l.y parallel to the 15-percent-
reduction curves. The od.y exception was for 1,000 hours at 1,600° F
wherestrength continued to increase slightly.

(3) S*Q ~at~ to the rolling temperatures had little effect
on rupture strength, =cept for a significant lower- of strength for
2,100° F, as is shown by the O-percent-reduction curve of figure 7(a).
‘Rolling increased r@ure strength above that resultm from simply

., heating alone to the rolling temperature in all cases except for 2,200° l?.

. . . .. .. -.-—.. —.. . .--— .. --— -—— . ——.. — —.-.———.
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than 65 percent at the other roll- temper-
reduce strengthbelow that for material
reduction.

(4) The msxhm rupture strengths after reduction were from 7,000
to 10,000 psi higher than those for specimens heated without reduction
at 2)1000 to 1,600° J?. The range in 100-hour strengths watifrom 42,OOO
to 57,000 psi, with one lower value of 38,500 psi resulting from heatimg
at 2,100° F without reduction. The correspondQg range for 1,000-hour
strengbhs was 37,000 to 47,000 psi, sgain with a low value of 33,000 psi
for heating to 2,100° F.

(5) No significant difference between rupture strengths for material
rolled im open and closed passes was found for a limited nuniberof sam-
ples rolled at 1,8000 and 2,000° F. (See tales II and IV ad figs 4(a)
amd 5(a).)

(6) ~creasing reductionE at 2,2000 ,and2,100° F increased elonga-
tions for fracture in 100 and l,O(Xlhours from as low as 5 percent to
as high as 18 percent (figs. 9 and 10). RolMng to increased reductions
at 2,000° and 1,800° F ftist lowered and then imreasea elongations

(=s. u and 12).

b’

The increase at larger reductions was not obsemed
in stock rolled at 1,600° F (fig. 13). It shoulii.be noted that simply
heating to these latter three temperatures increasea elongations rela-
tive to those of the stock ori@neUy solution treated at 2,200° F.
Minimm elongations in both 100 and 1,000 hours were h the order of
5 percent for all conditions of rolling.

The rqture-test elongations for material rolled in Closes passes
at 1,800° and 2,000° F agreea perfectly with those for open passes,
except for higher elongation after a 25-percent reduction at 2,000° F
for the closed.-passmaterial. (Cf. tables II and IV.)

Creep properties at 1,200° F.- The relations between minimm creep
rate at 1,2000 F for stresses of 50,000 and 25,000 psi and percent
reauction at the rolltng teqeratures, as presented in table II and
figures 15 amd 16, show that:

[

1) Increasing amounts of reduction first ticreasea creep resist-
ance reduced nrhdmum creep rates) to a maximum for a limited amount of
reduction. Creep resistance then feKl qff for larger reductions.

(2) The amount of reduction giving maximum creep resistance
(fig. 19(a)) varied with both the rolling temperature and the testing
stress. For a stress of 50,000 psi this reduction was 15 percent, .
except at 2,2ooo and 1,8000 F. For the lower stress of 25,0~ psi, the .
reduction ranged from 5 to 15 percent with the largest reduction being
required at 2,000° and 2,100° F. The influence of reduction on creep .

——. .. .
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resistance under 50,000-psi stress was similar to its influence on the
rupture strengths, except for the higher reductions at 1,8ooo F. Except
for rolling at 2,000° to 2,200° F, less reduction was required for max-
imum creep resistance under 25,000-psi stress.

(3) RO~@atl,600°~ 1,8000, ~2,000° F&ve simil= but defi-
nitely higher creep resistance for 25,000-psi stress (fig. 16) than did
rolling at 2,100° and 2,200° F. Creep resistance, however, fell off
considerably with increased reductions past those gi~ maximm resist-
ance for all.temperatures of ro~tag. At the higher stress of 50,000 psi
(fig. 15), the decrease in creep resistance past the msxhum was much
less after rolling at the three lower temperatures than for 2,100° and
2,200° F. The material rolled at 2,000° F, however, was considerably
weaker than the materials rolled at 1,600° and 1,8000 F.

(4) The creep resistance at%errolling in closed passes (tables II
and IV), with the exception of the scmewhat low strength of the stock
rolled 65 percent at 1,8000 F, agreed well with the creep resistance of
bars rolled corresponding amounts in open passes.

(5) me creePresis*~ceof s*o*heated fr~l,600°t02,1000F
for 1/2 hour without rolling (figs. 15 and 16) was lower for both
50,000- and 25-000-psi stress than the creep resistance of the material
heated to 2,200° F for 1/2 hour. Heating to 1,8000 F lowered creep
resistance the most.

(6) Isothermal reductions from 5t025 percent at l,8000sndl,600° F
and from5 to 15 percent at 2,000° F eliminated first-stage creep during
the 1,000-hour creep tests under 25,000-psi stress. Iarger reductions
resulted in the reappearance of the first-stage camponent. Creep tests
on all the specimens rolled at 2,100° F had a first-stage c~onent.
There was no first-stage component during the 1,000-hour creep tests
involvtag specimens previously reduced 5 to 15 percent at 2,200° F.
Huwever, reductions in excess of 15 percent at 2,200° F did result in
a first-stage creep component.

Rupture properties at 1,500° F.- The major features of the data
for rupture properties at 1,500° F csn be sunmmrized as follows:

$)1 A specific reduction gave the highest rupture strength at
1,500 F for each rolling temperature (figs. 2(b) through 6(b)). These
reductions were the same for both 100 and 1,000 hours (flg. 8) and con.
ttnudly increased as the rolling temperature was lowered from 2,2000
to 1,600° F. There was no a~recidble difference in the maximum strength
(flg. 7(b)) with rollinn temperature at either 100 or 1,OOOhours.

(2) Although there were no variations with rolling temperature in “
the maximum ru@ure strengths, there were pronounced differences at each

.
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temperature between the madmum strength and the strengths produced by
both larger and smaller reductions (see fig. 7(b)). The largest varia-
tion in strength for open-pass ro~ resulted from rolling at 1,8000 F
where the maximum and minimum 100-hour strengths were 21,500 and
14,000 psi, respectimily. Corresponding values for 1,000 hours were
16,000 md. 7,500 pSi. The lowest values obtained were for a closed-pass
reduction of 65 percent at 1,8ooo F which yielded values of 10,5oo and
5)700 psi, respectively, for 100 and 1,000 hours.

(3)M conditions of WOr~ resulted in lower strength than did
heating to the working temperature without reduction (fig. 7(b)) or
solution treatment at 2,200° F. This is in contrast with the dsta for
1,200° F where ~roved strength resulted for all reductions considered.

(4) Heating to the rollinn temperature without reduction had little
effect on strength at 1,500° F, as is shown by the curves for O-percent
reduction ti figure 7(b). An”exception was the low 1,000-hour strength
si%er heating at 1,.800°F.

;(5J The rupture strengths after rolling in closed-passes (tables II ,
~ IV and figs. k(b) smd 5(b)) agreed well with those for open passes
foz%etictions of 15 and 25 percen at 1,8ooo F and 15 percent at
2,000° F. A reduction h closed

+
ses of 25 percent at 2,000° F gave

somewhat higher strengths and of 6 percent at 1,8000 F gave somewhat
lower strengths than those for the”corresponding-reductions in open
passes.

(6) (kmditions of ro~g hsd very pronounced effects on elongation
h the rupture tests at 1,~“ F (figs. 9 through 13). The elowatiom
at 100 hours varied between 4 and 60 percent and those at 1,000 hours,
from 5 to 41 percent. The relations involved were:

(a) The elongation decreased with ticreasing amounts of reduc-
tion to ndnimum values and then tended to increase with further
reduction.

(b) The differences in elongation for heating with no reduction
and the reduction giving minimum elongation (fig. 14) becsme very
large at temperatures below 2,200° F. Pronounced ticreases in elonga-
tion result- from simply heating the stock originally solution
treated at 2,20@ F were removed by subsequent working. The effect
was much greater at 100 hours than at 1,000 hours. For instance,
heating to 1,~0° F resulted iu an elongation at 100 hours of 57 per-
cent, whereas the ssme material.reduced @ percent at 1,~“ F had
~ elongation of only 4 percent. At 1,0~ hours the corresponding ●

values were 25 and 5 percent.

(c) Reductions for minimum elongation at each rollhg tempera- .

ture (fig. 14) ranged from 15 to b percent at 1.00hours and were
15 percent at all temperatures for 1,000 hours. Actuallly,rather

._-. .— — — --- —- —..——.— . . . . —
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low values were associated with reductions of 15 to @ percent at
all ro~ temperatures.

(d) There are reductions at all temperatures which give rather
low elongations snd less or more reduction resulted in increased
elon&ation. Reference to figures 9 through 13 shows that high
elongation is particularly associated with large reductions at 2,100°
and 2,200° F. The increase with large reductions was much less at
the lower temperatures.

(e) The limited data for closed-pass rolling (table IV) indicate
the ssme general influence of hot-working on elongation in the rup-
ture tests; The differences resulting from open- and closed-pass
rollbg were no greater than the degree of scatter which might be
expected where ductility varies so rapidllywith conditions.

Creep properties at 1,500° F.- The variations in creep data at
1,500° F can be SIRmuerizedaa follows:

(l)~mw- @-ntidim (f@s.17titi) ateti
rolling temperature resulting in the highest creep resistance at
1,500° F. This optimum reduction increased slightly as the rolling
temperature was lowered (fig. 19(b)) and was generally somewhat less
for the tests at 8,000 psi than for those at 15,000 psi.

(2) The 10s6 in creep resistance for reductims greater than those
producing the maximm was generally quite rapid, particularly at
8,000 pSi. These larger reductions generally resulted in considerably
lower creep resistance than that for materiel simply heated without
reduction. There was some indication that for very large reductions
the creep resistmce a~roached a minimum.

(3) The creep resistance of stock rolled 15 and 25 percent at 1,800°
or 2,000° F in closed passes (tale IV) agreed well with the creep
resistance of the bars rolled corresponding smounts in open passes
(table II). However, the creep resistance at 8,OOO psi of stock rolled
65 percent at 1,8ooo F in closed passes was low.

(4) The minimum creep rates for an initial stress of 157000 psi
ranged from 0.002 to 0.1.3percent per hour aa the result of vsrytng the
rolling temperatures from 2,200° to 1,600° F and the perced reduction
from o to 65 percent. Over the same ranges of ro12ing temperatures and
reductions the ~ creep rates for an initial stress of 8,000 psi
varied from 0.00003 to 0.024 percent per hour.

(5) The creep resistxmce at 1,500° F of the stock heated at 1,600°
to 2,100° F for 1/2 hour without rolling was low= for both 15,000-
and 8,000-psi stress than that of the bar stock heated to 2,200° F for

----- -- .— ..-. -—— —. —.- —- ———— —.—. ___
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l/2 huur. Heating~ as well as reduction, affected the creep resistance
with the msximum effect at 1,8ooo I?.

(6) Reductions $rwl O to ~ percent at 1,800° and 1,6000F slightly
decreased the first-stage component of creep in the 1000-hour creep
tests under a stress of 8,OOO psi fi ccanparisonwith that of the orig-
inal stock. TW reduction of 65 percent at 1,800° F resulted in both
a substantial increase in the first-stage component and the appearance
of a third-stage component. Reductims at 2,200° to 2,000° F did not
decrease first-stage creep.

Hardness.- Brinuel hardness nleasura?len tsweremade aPtersll con-
ditions of rolling and the results are tabulated in table V. Figure 20
presents the relati(mship between Brinell IMu?&lessand emount of iso-
thermal reduction in open passes at rollinn t~eratures ranging between
1,600° and 2,200° F. The essential features of the hardness data can
be summarized aa folluws:

(1) Hardness sterted to increase with percent reduction at all
temperatures. However, there was a r~id drup h hardness al%er the
reduction reached 7 percent at 2,200° end 10 percent at 2,100° F.
Id.ttlefurther increase was obtained for more than 15-percent reduction
at 2,000° F. JU.I.reductions at 1,8000 and 1,60Q0 F increased hardness,
the amount of increase decreadng with increased reduction. When the
bars were reduced at 2,200° end 2,100° F, ~ hardness was obtained
for reductions of 12 to 15 percent followed by a slight inaease and
again a decrease for more reduction.

(2) The Brinell hardness of the bars rolled 15 or 25 percent in
closed passes at either 2,000° or 1,800° F egreed well with that of the
correspondingbars rolled in apen passes. The hardness of the bar
rolled 65 percent in closed passes at 1,800° F was substemtially lower
than that of the correspondingbsr rolled in open passes.

(3) ~ o=- le~s Of the V=iOUS -@SS cm= in fi~ 20
were influenced by the heating temperature alone, as evidenced by the
-eases in the hardness of stock simply heated to the rolling tempera-
tures md cooled without rolling.,

lkd?l.uenceof rol1+ng conditions on microstru*s. - !Eypicalmicro-
structure of the bars given various reductions at 1,6000, 1,800°, 2,000°,
and 2,200° I?are shown in figures 21.thruugh 24, rqspwtively. The
_eS h Inicrostru- during rold+inncan be summarized as follows:

(1) Recrystsllizdion occurred during rolling d 2,200°, 2,100°,
and 2,000° F depending on the mount of reduction. Recrystallization

.

.
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was not observed during open-pass rol-g at 1,800° or 1,6000 F. It
did occur during the 65-percent reduction in closed passes at 1,800° F.

(2) The observed conditions of recrystallizationwere as follows:

(a) At 2,200° F: Stsrted at 5- to 7-percent reducticmj essentially
cmplete at 15-percent reduction; cent= refinement of grain size
with further reduction

<b) At 2,100° F: Started at 10-percent =ti&iOnj essentially
complete at 15-percent reduction continued refinement with further
reduction

(C) At 2,000° F: Started at 15-percent redu~ionj required a
reduction of 65 percent for complete recryst~ization

It will be noted tkt the discontimuities W the hardness curves of
figure 20 correspond with the observed recrystallization characteristics.

(3) A f- dispersed precipitate formed in the matrix when the
elloy was previously solution treated at 2,200° F and then heated to
1,800° or 2,000° F for 1/2 hour. Emreasing the mount of reduction
of these temperatures appeared to increase the mount of precipitation
h the matrix. Previous to this investigation it was not Imown thst
this UOY was subject to precipitation in the matrix between 1,80W
and 2,000° F. Even rolling at 2,200° F appeared to cause a dispersed
precipitate to form h grain boundaries.

(4) A matrti precipitate did not form in the bar stock during the
l/2-hour heat at 1,6000 F, although a grain-boundary precipitate did
form. Moreover, there was no visible evidence of any general precipi-
tation in the matrix during rolling at 1,600° F.

Microstructure after creep testinq.- Metallographic examination
was made of the creep specimens after testing for 1,000 hours in order
to obtain information on the structural stability of the stock in the
as-rolled condition during testing at 1,200° and 1,500° 1?. Figures 25
and 26 show microstructure of bar stock rolled at 1,600° and 2,2000 F,
respectively, and tested at 1,200° F. Figure 27 shows typical structures
after testing at 1,500° F. The structural changes during creep testing
are sumarized as follows:

(1) Structural changes dur~ test- at 1,200° F were largely
dependent on the initial as-rolled condition of the bar stock. Exten-
sive precipitation took place ti the matrix during testing pruvided
precipitation had occurred during rolling. The precipitation was much
less after rolling at 2,200° or 2,100° F where little precipitation
occurred dur~ rolling. Rolling at 1,600° F, huwever, apparently

-—. .-..-— ——. .... .- —-— _. .— —- .-— ..—_
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resulted in nucleation of precipitates during testing, hasmuch as
extensive precipitation occurred even though only grain-boundary preclpi- A

tation was evident after rolling. The structure, after testing, of the
materiel rolled at 1 8000 and 2,000° F was similar to that of the mate-

6rial rolled at 1,600 F. lh cases where matrix precipitation did occur
_ testing at 1,200° F, it appeared to increase with increasing
amounts of rolling. .

~)2 The structural chamges which occurred during creep testing at
1,500 F appeared to be largely independent of the initi&l conditims
of the microstructure. That is, extensive precipitation and agglomera-
tion occurred in all bars during testing and all structures were remark-
ably similar after testing.

Iattice-p=ameter measurements.- Lattice-parametermeasurements
are tabulated in table VI. A1.tti masur~ts were possible over
the complete range of reductions at temperatures of 2,0-600F and above,
determhations could be made for only the 0-, 5-, 10-, and b-percent
reductions at 1,8000 F. The diffraction lines were too diffuse for &U.
other reductions at 1,800° F end for all reductions at 1,6000 F. Check
measurements were made in some cases and these are also given in

F.

table VI. Most determinations were carried out on surfaces transverse
to the direction of rolling with some check measurements being made on
surfaces at other angles to the rolling direction.

The influence of amount and temperature of reduction on lattice
parameters (figs. 28, 29, and 30) was fairly complex. Successive mini-
mumaxid maximum values appeared as the amount of reduction was increased.
The amount of reduction reqyired to produce these effects increased as
the rolltag temperature was reduced.

A measurement made on stock reduced 35 percent at 2,000° F without
reheating is plotted on the curve (fig. 28) intermediatebetween the
values for reductions of 25 and kO percent. This indicated that the
reheating for the n-o-percentreduction was not the cause of the rapid
ticrease in parameter when the reduction was increased fdcm 25 to k per-
cent. This conclusion is further aibstantiatedby a simihxr behavior
at 2,100° and 2,200° F within the reduction range where reheats were
not used.

The agreement between measurements made transverse to the rolling
with the check determinations at other @es (fig. 28) indicates that
any orientation effects were snuill.

During the course of the investigation it was established that
cooling rate had a pronounced effect (figs. 31 and 32) on the measured

.

lattice parameter. Air-cooling resulted h larger parameters than did
water-quenching. Idmited data for a range of cooling rates from 2,025° F .
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show that intermediate cooling rates resulted in larger
.That is, air-cooling resulted in larger values than did
slow or very rapid cooling (fig. 32). The temperatures
studies were the same as those for heating for roll~,

19

parameters.
either very
used for these
25° F abuve the

nominal rolling temperature. The use of the cooling rate at 1,200° F
for preparing figure 32 was.simply a matter of convenience for measure-
ments of the rates. This defined cooling-rate effects s-what better
than would a description of the method of cooling alone.

Rolling With FsJ.llngTemperatures

Specimens were prepared by nonisothermal rolling over controlled
temperature rsmges to obtain data to investigate how the decreasing
temperatures during hot-working =luenced high-temperature strengths.
Experiments were confined to conibinationsof reducti.ms totaling k-oper-
cent. The initial rolling temperatures varied from 1,800° to 2,200° F.

Rupture properties at 1,200° F.- RoUlng first at 2,200° or 2,000° F
and then at 2,000°, 1,800° 0 F for a total reduction of k-oper-, or 1~600
cent (tables VII and VIII) had the foJlowing effects on the rupture
properties at 1,200° F:

(1) Very high strengths resulted from reduction at 2,200° or 2,000° F
and then at 1,800° or 1,600° F. The strengths were considerably higher
(f@. 33(a)) than those
or 40 percent at 1,@OO

(2) A reduction of
at 2,000° F resulted in
either 15 or.ko percent

obtahed by isothemal redu~ions of either 15
or 1,800° F.

25 percent at 2,200° F followed by 15 percent
lower strength thsm did isothermal reductions of
at 2,000° F (fig. 33(a)).

(3) Elongations (table VIII) were as high as or higher than those
for comparative isothermally rolled materiels. A reduction of 10 per-
cent at all four temperatures gave both high strength and very high
elongation.

Creep properties at 1,200° F.- The creep data at 1,200° F
(table VIII) were similsx to the rupture data in that finishing at 1,600°
or 1,800° F gave high creep resistance, while finishing at 2,000° F gave
comparatively low resistance (see fig. 34). The adxmntbge of rolling
first at 2,200° or 2,000° and finally at 1,600° or 1,8000 F over iso-
thermally rolling the bars was not so outstanding as it was in the rup-
ture tests.

ture r erties at 1500° F.- Rupture strengths at 1,500° F
(tzibl?~I) ?n~eased as f&ishing temperature decreased (fig. 33(b)).

-------- -.. —.- _ .-. — ...— — . — .—— —. —- —
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The strengths were, in general, higher than those resulting from reduc-
tions of 40 percent at constsnt temperature. They were, however, well

.:

below the maximm strengths associated with smaller isothermal reduc-
tions. The strengths were also less than those for isothermal reduc-
tions of 15 percent where these were less than the msximum values.

The rolLing over a fa~g-t~erature rsage, therefore, avoided
part of the loss in strength associated with large reductions in constant-
temperature roll~. The conditions used did not, however, produce
higher strengths than those for specific constant-temperaturereductions
at 1,600° or 1,8000 F, as was observed at 1,200° F. The relatively high
strengths for reductions of 10 percent at each temperature of roll~
suggest that a schedtie of small reductions as temperature decreases
@@t be beneficial to strength.

Rolling over a fsJKling-temperaturerange did not markedly improve
elongation in the rupture tests aver that of isothermally rolled stock
(tables II and VIII) except for the schedule of 10-percent reduction
at each temperature. The material fimished at 2,000° F msy have been
improved also. In alJ-other cases, the elongations were similar to
those of comparative is~ rolled stock.

Creep properties at 1,~00° F.- The creep resistance at 1,500° F
(tale VIII) increased as the finishimg temperature was lowered
(fig. 35). The values mostly rsmged between those for isothermal
rolling to reductions of 15 and hO percent. Certain sequences gave
strengths similar to those for the most creep resistant isothermal con-
ditions, w~e the strengths of the material rolled 25 percent at
2,200° F followed by 15 percent more reduction at the lower temperatures
tended to be simllsr to those of the mxterisl isothermally rolled
40 percent●

Hm3ness. - All of the conditions of rolling except one developed
hi#,s--dled Brinell hsrdness values h the range of 272 to 283

The one =ception was the material rolled between 2,200°
and 2,0006 F which had a Brinell hardness of 221. Except for this
latter condition, the hardness values approached those obtained by
isothermal reductions of ~ percent at the finisldng temperature rather
than those obtained isothermally with the actual final reductions.

Microstructure. - Examination of the structures ai%er rolling
(fig. 36) and sfter mibsequ=t creep testing (fig. 37) gave the following
results:

(1) Rollinn at 2,200° F, before rolling at lower temperatures,
reduced grain size by recrystallization. For this reason the gra3n
sizes of the materisl stisequently rolled at 1,600° and 1,8000 F were

.
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finer than those of the material isothermally rolled at these tempera-
tures.

i
Cf. fig. 36 with figs. 21.aud 22.) The material rolled first

at 2,200 and then at 2,000° F waa very fine gredned, indicating that
recrystallization continued at the lower temperature; Rold.ingfirst
at 2,000° F and then at 1,600° F resulted in a duplexed grain structure
because recrystallization was incomplete dur~ the reduction at 2,000° F.

(2) Samples rolled initially at 2,200° F and then at lower tempera-
tures did not have the genersl matrix precipitation observed in ssmples
isothermally rolled at 1,8ooo and 2,000° F. The precipitate was, however,
presdnt in material.rolled initially at 1,800° or 2,000° F and finally at
1,$00° F.

(3) mer Weep tests at 1,200° F (fig. 37) the structures showed

little precipitation during testing for material initially rolled
at 2,200° and finished at 1,600° or 1,8000 F. lh all other conditions
the structmes underwent considerable precipitation at 1,200° F. Struc-
tures of sll ssmples tested at 1,500° F showed the same extensive pre-
cipitation end agglomeration described for the isothemaldy rolled
stock. The only differences noted were the changes in grain size.

special Cyclic Conditions of Rolling

Ssmples were prepared by cyclic reductions of 5 percent at 1,500° F
and at three higher temperatures of 1,800°, 2,000°, and 2,200° F.
Repeated reductions at the upper and lower temperature were used until
a total reduction of b percent was obtained.

These cyclic reductions were investigated to study the possibild.ty
of producing abnormally low as=rolled strength by using conditions
leading to extensive precipitation and agglomeration of precipitates.
These conditions were approximated with a top temperature of 1,8000 F.
Top tempera-s of 2,000° and 2,200° F were selected as being in and
shove the solution temperature range for the alloy. One of the main
re~ons for this work was the absence of dmormally low strengths for
the isothermally and nonisothermsUy rolled materials. Such low strengths
are sometimes observed in practice and the possibility of extensive pre-
cipitation by use of low working temperatures was explored as an
explanation.

Rupture and creep prqerties at 1,200° F.- Cyclic rolling
between 1,500° and 1,8OOO F resulted h lower rupture strength and
higher elongation at 1,200° F than did rolling at ~er temperatures
of 2,000° or 2,200° F. (See tdbles IX and X and fig. 38(a).)

The material rolled between 1,500° and 1,8000 F had strengths sim-
ilar to those for the material simply heated to 1,8000 F without reduc-
tion and considerablybelow any of those for the materiel rolled

. . . . .—— .—— — —. —. — .
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isothermally or with falln temperatures. (Cf. data in table X with
tables II, Iv, and VIII.) On the other hsnd, rolling 5 percent first

d,

at 1,500° and then at 2,000° W 2,200° 1?produced strengths mch higher
thau those obtained under any -condition of isothermal rollbg at 2,000° 1“
or 2,200° F and approaching those obtadned by ~-yercent reduction
at 2,000° or 2,200° F foll.owedby is-percent reduction at 1,800° or
1,600° F.

The cyclic rolling resulted in mibstantislly higher elongations
thsn yere obtained by other conditions of ro~ except the 10-percent
reduction at 2,200°J 2,000°, 1,8000, and 1,600° F. (Cf. data in table X
with tables II, IV, and VIII.)

Creep resistance was also much lower for the material cyclically
rolled at 1,500° and 1,8000 F than for the material rolled at upper
temperatures of 2,000° or 2,200° F. (See tribleX and fig. 39.) The
creep rates we= actually faster than tlwse for any other condition of
roU.ing =cept large reductions at 2,200° F. (Cf.data in table X with
tables II, IV, or VIII.) On ‘theother hand, the creep resistance of the
material rolled between 1,500° and 2,000° or 2,200° F was as high es
that obtained under any other conditions of rolling.

“

Rupture and creep properties at 1,500° F.- The rupture strengths
at 1,5000 F were very low for the materiel rolled at 1,500° and 1,8000 F,
whereas raising the upper temperature to 2,000° and 2,200° F resulted.
in considerdbl.y~gher values. (See tdbles ~ and X and.fig. 38(b).)
As at 1,200° F, the strengths resulting from rolltng at 1,500° and
1,800° F were low in comparison with those resulking from isothemsl
roll~ or rolling over a fslling-temperatureramge. ~ fact, only
materiel.reduced 65 percent at 1,8000 F had as low strength. (Cf. data
in table X with tables II, IV, end VI112) Likewise, the strengths
resulting from rolltng at 1,500° and 2,000° or 2,200° F were nearly as
high as the highest produced by the other conditions of rolling. ,

Elongations were quite good at 100 hours. The materiel rolled
at 1,500° and 2,000° F had very low ~ongation at 1,000 hours.

The conditions of cyclic rolling influenced creep resistance in
the same way as they did ru@ure strength. (See tdbles IX and X and
fig. 39.] Roll@ at 1,500° and 1,8~0 F resulted in very low creep
resistancej sgain, only 65-percent reduction at 1,8000 F caused as low
strength. (Cf. data in tale X with tables II, IV, and VIII.) The
other two conditions of cyclic roll- gave strengtti on the high side
of the range found in the investigation.

Hardness.- There was very little difference in hardness (tdble V)
for the three conditions of cyclic roll~. The values were 253 for

.
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,

the materiel rolled at I,5000 and 1,8000”F and 248 for the material ●

rolled at upper t&mperatures of 2,000° or 2,200° F.

Microstructure.- As ~ected, the cycling between 1,500° and
1,8000 F resulted in extensive precipitation and agglomeration in the
microstructure (fig. 40). When the upper tempera-s were 2,000° or
2,200° F, there was little evidence of this. There was little differ-
ence in grain size as the result of the three conditions of cyclic
rolling. A~srentl.y, the grain refinement obtained at the higher tem-
peratures with equivalent single total reductions was avoided. Likewise,
the materisl rolled between 1,500° and 1,8000 F did not show so much
distortion as did the material rolled kO percent at 1,8000 F.

Response to Heat Treatment

A study was made of the degree to which the conditions of I@-
working influenced the properties after four heat treaments witti the
temperature rsnge cmmonly used in heat-treating the alloy.

Solution treated at 2,200° F and water quenched.- The rupture
strengths and creep resistance for materiel solution treated at 2,200° F -
and water quenched were remark&dy uniform sfter a wide range in hot-
rollinn conditions. (See tables XI and ~ and fig. 41.) ~ of the
rollinn conditions studied did not mibsttii~ elter the response to
the heat treatment.

The individual curves of stress versus rupture time gave the
following ranges in rupture strength:

Temp.,
Rupture strength, psi, in -

OF
.

100 hr 1,000 hr

1,200 I 42,000 to 45,000

I
37,000 to 40,000

l,ylo 17,500 to 18,500 a13,000 to 14,000 I

%nly two conditions tested to 1,000 br.

The minor nature of this variation is shown by figure 41 where sll
the individual.tests plotted well on single curves of stress versus
rupture time. Moreover, the rupture strengths agreed with the values
for the orig- stock solution treated at 2,200° F without any rolling.
Elongations, however, were considerdbl.yhigher than those obtained for
the originsl stock.

.- ——._ ~.- ._ .— —._ . .. —- —— ——— .. ——.—
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little variation and were simil~ to
Af

Solution treated at 2,200° F, 1 hour, water quenma, and aged
at 1,4-00° F for 24 hours.- The data olxhined (tales XIII snd XIV) for
a ntier of conditions of hot-working showed no significant variation

.-,

in rcqyhxrestrength or creep resistance for material solution treated
at 2,200° F for 1”hour, water gpenched, and aged at 1,kOOO F for
24 hours. The small range in rqpture strengths dis~esred when all
the actual data points were platted on one curve in figure 42.

Solution treated at 2,050° F, 2 hOUrS, - -ter P ched.- A tem-
perature of 20~0 F was used for en extensive series of tests on the
basis that this titermediate tempem+mre might show more hfluence of
the rcillinnconditions on response to heat treatment as reflected in
creep and rupture properties. The spec* were solution treated at
this temperature for 2 hours and then water ~enma. While the data
(tdbles XV and XVI) again show little vsriation as a result of different
conditions of rolling, there was somewhat more than was observed after
treatment at 2,200° F. The following ranges h rupture strength were
indicatea by the individual curves of stress versus rupture time: Zf

ITemp., I
Rupture strength, psi, in :

I

% 100 hr 1,000 hr

1,200 43,000 to 48,500 ~,000 to 42,00a
1,500 16,000 to 18,500 12,000 to 13,500

The actual variation represented is illustratedby figure 43 where
all the test points plot very nearly on one curve of stress versus
rupture time.

,

No systematic relationship between hot-rolldng conditions and the
vsriation h strengths was found.

Solution treated at 2,@OO F, 2 hours, water quenched, and hot-
cold-worked 15 percent at 1,200° F.- The three conditions of cyclic
rold.inn,representing extremes in as-rolleiirupture and creep strength,
were solution treated at 2,0~0 F for 2 hours followed by ~ter – -

quenching and then a 15-percent reduction by rolling at 1,200° F. The
resultant hot-cold-mrkd materials had practically no variation in
strength or ductility. (See tables XVII snd XVIII and fig. U.) More-
over; the strengths ~ the ssme as those which had previously been
obtained for this ssme trea-t (ref. 1).

.
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DISCXl13SION

A~lication of the results of this investigation expldns - of
the variations in high-temperature properties of the alloy studied and
those of similar metallurgical.characteristics studied h the hot-
worked condition. The metallurgical mechanism responsible cennot be
accounted for in terms of solid solution, internal strain frcm cold-
work, precipitation effects, or structural stability. A~arently, some
other,factor involving the plastic deformation of the metal during
working is involved. The”absence of an appreciable ~luence of prior
working on response to heat treatment was _ected. Apparently, if
heat-treating conditions are adequate for completion of metallurgical
reactions, the properties will be rql.ativelyindepe~t of prior his-
tory end the major source of variation arises frti heat-to-heat
clifferences.

Control of Properties in Hot-Worked Condition

There were two outstsn~ results from the studies of the prop-
erties at 1,200° and 1,500° F in the hot-worked condition:

11) As the amount of reduction under isothermal conditions was
increased, strengths increased up to sn opt-” reduction. Further
reductions either did not continue to increase strength or resulted in a
fslloff in strength.

(2) Successive r&dVctions over a decreasing temperattie range pro-
duced higher strengths at 1,200° F than were obtained during working at
constant temperature. At 1,500° F, the strengths were only slightly
higher than those obtained by equivalent total isothemal reductions.

These two features of the data can be applied in a
account for some of the variations in strength ccmmoril.y
the hot-worked condition:

(1) 14ediumto low strengths would be expected frcnn

general wsy to
observed for

large reductions—
at nearly constant temperature. .This seems ~o be characteristic of the
properties of the a120ys frcunhigh-production processes tiolving rapid
and extensive reductions at relatively high working temperatures.

(2) On the other hand, experimentallyproduced materials frequently
have abnormsUy high strength in the hot-worked condition. This proba-
bly srises frm production conditions where the metal is given succes-
sive small reductions aa the temperature decreases. Almlostall alloys
of the type considered have shown record high strengths h the hot-
worked condition. A sequence of hot-working of this.type is almost
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certainly responsible. The experiments csrried out h this investiga-
tion were not so complete as would be desir~le. It appears, however$

-,

that the working schedule must meet the following reoyhements:

(a) The reductions must &ll either be below the smounts causing
.

recrystallization or, if recrystallization occurs at the higher tempera-
tures, be carried down to temperatures where recrystallization ceases.

(b) Prob8bly many smell reductions at small teqerature titervals
are most effective.

The fdlinn-t~eratie - smsll-reductionprinciple eppears to have
considerable @ortance for high strength at 1>200° F. Strengths equal
to or in excess of those normally obtained only by hot-cold-work in the
renge of 1,200° to 1,~0° F can be produced with finishing teqperatmres
in excess of 1,800° F. For example:

Rupture properties at 1,200° F

Working conditions 100 hr 1,000 hr

Strength, Elongation, Strength, Elongation>
psi percent psi percent

leduced25 percent at
2,200° F phlZ 15 percent
at 1,800° F 61,000 5 48,000 6

leduced10 percent at
2,200°, 2 000°, 1,800°,
and.1,6oo& F 60,000 20 48,000 18

;olutiontreated at
2,050° T’,2 hr, water
qyenched, and reduced
15 percent at 1,200° F 56,000 4 50,000 4

iolutiontreated at
2,200° F, 1 hr, water
qyenched, and reduced
15 percent at 1,200° F 54,000 1 52,000 5

Apparently, many small reductions at frequent temperature intervals are
the key to high ductility in ?.w@ure tests in contdndion with high
str~h.

Jn addition to the major generalities of the results, there were a
nunber of additional important features of the data of a somewhat more

— —. —.— ——
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detailed nature relating to properties in the hot-worked condition after
isothemal working:

(1) Maximumru@xre strength at 1,200° F was obtained by 15-pxcent
reduction at any temperature. There was little effect from increasing
the reduction beyond 15 percent (fig. 45), except for a loss in strength
for working at 2,100° F.

(2) The temperature of working had a considerable influence on the
level of rupture strength at 1,200° F (figs. 7 and 45). Relatively M@
ruptufe strengbhs, h excess of 50,000 and 40,000 psi for 100 and
1,000 hours, required working below 2,100° F.

(3) m hot-worked condition generelly yielded r@ure strengths
at 1,200° F higher than can be obtained by heat treatment alone. Only
exposure to 2,100° F snd large reductions at 2,100° F gave lower strengths
(fig. 45). ~ most cases, heat treatment reduced rupture strength at
1,200° F.

(4) The control of rupture strengths at 1,500° F for the hot-worked
condition is mostly dependent on the degree of reduction (figs 7 and k6)
and only slightly dependent on the temperature of working. Specific
reductions dependent on the temperate of working (fig. 8) are required
for maximm strength with large reductions being detrimental. It iS
noteworthy that a reduction of 7 percent at 2,200° F yielded as high a
rupture strength at 1,500° F as could be obtained by any other condi-
tions of working investigated. Icnwdng the temperature of working
(fig. 46) generally resulted in less falloff in the rupture strength
at 1,500° F for more than o@imum reductions.

(5) It appeus that high elongation and reduction of srea in
T-ture tests at 1,200° F were dependent on large reductions from 1,8oo

to 2,000° F. “(Seefigs. 9 through 14.) High-temperatureworking with
recrystallization slso increased ductility.

(6) Elongation and reduction of area in rupture tests at 1.,5000F
were very sensitive to degree of reduction. (See figs. 9 through 14.)
Heat~ to the mrlctng temperatures slone grea~ increased their values
for 100 hours. However, they could be reduced to very law values by
increasing amoqnts of reduction. High vslues are obtained only when
working is carried out at essentially constant temperature if the tem-
peratures are in excess of 2,000° F or if the reductions sre very small.

(7) ~eep resistance in low-stress tests is apparently more sensi-
tive to degree of reduction than is ru@mre strength. (cf. figs. 16
and 18 with figs. 45 and 46.) At 1,200° F, a good deal of the sensi-
tivity to temperatures of working observed in rupture tests is retained
(fig. 16). IOW strengths are particularly to be ~ected for large
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reductions above 2,000° F. At 1,500° F, the creep resistance was more
sensitive to degree of reduction (fig. 18) with an indication that large
reductions below 2,000° F might be particularly dsmging.

(8) TIM reduction formeximm creep resistance under low stresses
is less than that for meximummpture strength (fig. 19).

(9) Repeated small reductions to low tempera-s with reheats to
below 2,000° F can lead to very low strengths. Apparently, this is the
source of low strength in sheet wh low reheat temp=atures are used
to reduce scaling end help preserve a good surface. For the allq
studied, reheat temperatures of 2,000° to 2,200° F for 1/2 hour were
adequate to give relatively high strengths.

(10) Recrystallization durhg workhg without further working at a
lower temperature leads to low hardness and low strength.

(n) The ‘alloystudied was subject to extensive precipitation during
worktng in the temperature range of 1,600° to 2,000° F. Apparently,
this is a major source of the excess constituents so frequently observed
in the microstructure of alloys of this type. It apparently can lead.to
low long-time rupture strengths at 1,200° F and probably is related to
other strength effects.

Mechanisms of Stren@edng and Weakening by Hot-Working

The results of this investigation mainly provide a basis for
hypothesis to explah the observed influences of hot-working conditions
on the creep-ruptureproperties of the alloy. Apparently, both strength-
- and “row- occur durfng working, as evidenced by the increases
and then decreases in strength as the amount of reduction was increased.
The relative effects very with stress sad temperature of testing. ‘It
appears that strain—bzdenhg is a major factor involved in strength-
ening; although this is probdtil.yan incomplete simplification. The
Sugge+ion. is made that -ezrlng mainly arises from a recovery type of
process during working, exhibiting itself as recrystallization during
working at the higher temperatures. When recrystallization does not
actually occur, the damage arises from the same structural alterations
aa those which induce recrystallizationto occur at higher temperatures.
~ addition, there are other effects from the precipitation during
worldng at 1,600° to 2,000° F} and during testing.

Strengthening &ring wor~.- The correlations of hardness to rup-
ture and creep strength (figs. 47 through 50) show that there were
reasonably close relationshipsbetween hardness and rupture strengths
at 1,200° F. When the stress was reduced to 25,000 psi at 1,200° F, the .
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resulting creep rates did not correlate so well. The strengths at
1,500° F were little influenced by hardness. It is recognized that
hardness is en imperfect indicator of strain-hmkning. The corre-O
lation at 1,200° F for high-stress - rupture tests, however, seems
fairly good evidence that, when creep is largely a slip process under
relatively low temperature rqid creep conditions, strain-hardening is
a major controlling factor. As the creep rate is reduced and the test
temperature ticreased so that the creep process becomes more what csm
be somewhat loosely termed “viscous” in nature, strain-hsrdeningbecomes
less effective and the correlationbreaks down.

Weakening during worldnq. - The a~eaame of recrystallization
seems definitely to limit strengthening from working. The evidence at
1,200° F for rupture strength is not entirely clear on this point.
Maximum rupture strength won working at 2,100° F occurred for 15-percent
reduction, whereas’recrystallization started at 10 percent and was rea-
sonably complete at 15 percent. It will be noted, however, that this
was the only case where rupture strengths felJ.off with further reduc-
tion (fig. 45) and it msy be necessary to obtain complete recrystalli-
zation before weakentng occurs. Strengths did not increase with reduc-
tion at 2,200° F, presumably because of contiguous recrystallization.”
Continuous recrystallization dur~ working first at 2,200° and then at
2,000° F was also acccmpamied by low strength. The appearance of
recrystallization during closed-pass rolling to a reduction of 65 per-
cent at 1,8000 F did not result in much reductim of rupture strength
at 1,200° F, probably because it was incomplete.

RecrystaUization is a recovery process from lattice strain. It
appears first in the gdain boundaries. Lsrger reductions result in its
initiation within grains. The suggestion is therefore made that the
sane structural alterations which lead to recrystsllizatian also lower
resistance to creep as it becomes more a function of grain-boundary
conditions (lower creep rates and higher temperatures) and probably
accumulate dsmsge within the crystals. Because actual recrystallization
apparently causes demage, it ~ welJ..be that some sort of similar proc-
ess such as subgrain formation occurs in the cibsenceof recrystallization.
The damage ccunponemtseems to be accumulativebecause rupture strengths
at 1,500° F and low-stress creep resistance at both 1,200° and 1,500° F
are increasingly reduced as reductions are increased past the optimum.
Secondly, it”~ears at smaller reductions as the creep stress is reduced
and the test temperature increased (fig. 19), hs would be ~ected from
the theory.

In fact, because of the anslogy of the increasingdamage fran
increasing reduction as creep becomes more viscous in nsture, there is
reason to suspect that a major source of dsmsge may be the nonslip or
viscous flow so long identified with rapid plastic deformation by
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nonhomogeneous in
both slip and nonslip

Detailed arperimentsl results related to mechanism.- The optimum
reduction for maximum ~ strength at 1,2000 F was constant at
15 percent. This sugges%s that the-dsmage &rponent begins to predom-
inate at this reduction regardless of the taperature of working. There
is, in fact, considerable reason to believe that 15-percent reduction
gives near+ptm strength for temperatures of reduction as low as
1,000° F when stock is initially solution treated at 2,200° F (ref. 1).
Apparently, the hardness can continue to increase with further reduction “
in the ~sence of recrystallization,but the rupture strength does not.
This results in the--strengthsno longer correlating with hardness
(figs. 47(a) end h7(b)) when the material is worked at 1,800° and 1,600° F
and probably at lower temperatures. In reference 2, it was shown that
correlation with internal strain broke down for creep “resistanceat
1,200° F under 50,000-psi stress when a reduction of 40 percent was used
at 760 F. It now seems, however, that this breakdown was due to exces- .
sive deformation rather than to recovery during test~ as origin
proposed.

.

To account for the observed behavior, it seems necessary to pos-
tulate that only strain—hsrdaQg accumulated with reductions up to
15 percent at any temperature is effective before the damage component
prevents further strengthening frmn increasing strain-hardening. It
would certdnly be easier to qlain this if mibgrain formation con-
trolled rupture strength and was largely dependent on degree of reduc-
tion and independent of twxperature of working. This explanation would
seem to require a rupture strength independent of the temperature of
worldng. Actually, this is not fsr from the facts. Ih figure 51 rup-
ture data for reductions of 15 percent down to 1,000° F have been added
to those frm this investigation for material initialLy solution treated
at 2,200° F. There is raarkdily little variation tn strength for
redtictionsbetween 1,000° and 2,000° F and this can be accounted for h
terms of the precipitation reaction between 1,600° and 2,000° F.

The msxhrmm rupture strengths at 1,5000 F were constant (fig. 8)
regardless of the temperature of reduction. Again, the data suggest
that a recrystallization type of s@px3in mechanism controls. In this
case, however, it is necesssry to have the mount of reduction to
obtain the optimum structure decrease with increasing temperature of
working. If this is not the case, then there must be a complex inter-
relatimship between cold-work, recrystallization,precipitation during
worldng, Precipitation and agglomeration during testing, and the mech-
anisms of creep and rupture leading to uniformity of mqtme stre@h. .

.

.— —.-. —— --- —- .—— -. —--—..



I?ACATN 3727

Precipitation during hot-workihg
(fig. 52) in terms of change h rup-h&

31

The rupture data were replotted
strength for varying reductions.

This ave quite uniform changes tn strength for a given reduction at
~1,200 F which were independent of the temperature of reduction except

at 2,200° F. There was little change at 1,500° 1?where strengths
originally had been mainly a function only of degree of redugtion.

The sensitivity of rupture strength at 1,200° F to temperature of
reduction was therefore _ due to effects of heating to the working “
temperature. In psrticdxcr, the low strength of material worked at
2,100° F seems to be due to exposure to that t~erature aud not th&
effect of reduction. The results of reduction at the other temperatures
were also brought closer together. The only suggested explanation
involves some influence on the precipitation which is only microscopi-
cally evident after working at lower temperatures. The low strength
sf%er working at 2,200° F seems to be due to the fact that continuous
recrystallizationprevented strengthening either through the restric-
tim of strah-hmdening or the development of unfavorable grain
structures.

Thearopfn maxhum rupture strengths for 1,000 hours at 1,200° F
from working at 1,600° to 2,000° F (fig. 51) seems related to the pre-
cipitation during hot-working. This preci~itate also induced extensive
further precipitation during testing at 1,200° F. Both effect3 wuuld
be expected to have little effeet on short-time‘ru@ure strength but

. would be ~ected to lower long-time strength (ref. 3).

The precipitation effects could account for the faUoff in strength
at 1,200° F for the observed hsrdness after working at 1,600° and 1,8000 F
(figs. 47(a) and 47(b)). ~evious work (ref. 3) had shown that during
aging hardness can ticrease but strength decrease. The evidence, how-
ever, seems more in favor of the main influence being the chsnges in
structure as controlledby working. This seems to be supported by the
lack of evidehce of a precipitation effect on low-stress creep where
precipitation would be expected to be more influential in reducing
strength than it is h rupture tests.

Precipitation seemed to have little effect at 1,500° F. It is
presmed that this was due to the fact that precipitation and agglcmn-
eration during testing were so rapid and extensive that prior precipi-
tation had little influence on properties.

~ tiew of the impromnen t in the relation between rupture strength
at 1,200° F aud amount of reduction resulting from the use of chsmges
in rupture strength, the data w=e replotted using changes in hardness
rather than actusl hardness. This considerably widened the scatter
over that shown by figures k-8through 50. It was concluded that actual
hardness was abetter measure of strength than changes in hardness.
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hardness due to heathg to the worldng
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temperature

Ductilityin rupture tests.- The data suggest thst the ssme mecha-
nism which leads to weakening in most cases leads to increased elonga- -,

tion and reduction of area h the rupture tests. This se= to be par-
ticularly true for recrystallization. There are details in the ductility
relationships w~ch do not a~ear to fit into this mechanism. However,
the factors which control smount of deformation before fracture are not
undez%tood and the deviations are therefore difficult to a@ain.

The most Ufficult factors to eqlain sre the pronounced increases
h elongation at 1,500° F for 100 hours resulttng from simply heating
to the worldng temperatures (flg. 14) and the pronounced decreases with
ticreasing reduction at both 100 and 1,000 hours. These results
strongly suggest some influence from the precipitation reaction. The
reductions,for maximum strength seem to be= little, if any, relation
to the reductions for ndmimum elongation. There must be some complex
effects of working which chsnge the ~tiation of cracking and fracture.
A~arently, when the recovery processes during working became suffi-
ciently extensive, ductility is restored. .

Hot-working with decreasing t- erature.- The major change intro-
duced by working on a felling-temperaturerange was an apparent increase ‘
in the amount of Mening from working first at 2,2000 and then at 1,8000
or 1,600° F. Not only was the hardness higher than would have been
anticipated from isothermal data, but the rupture strengths at 1,200° F
were accordingly higher (figs. 47(a) end 47(b)). The hardness values
after worldng at 2,000° or 1,8000 and them at 1,600° F were near to the
ticrementsl additive effects esthnsted from isothermal data at the twu
temperatures. The ssme was true for reductions of 10 percent at 2,200°,
2,000°, 1,800°, end 1,600° F. The material worked ffist at 2,200° and
then at 2,000° F had low hardness because of continuous recrystsJ.liza-
tion at both temperatures. The rupture strengths at 1,200° F of mate-
rial worked at 2,000° and 1,600° F and those given the reductims of
10 percent were also high end in accord with their hardness. Thus, the
procedure slso @lowed the development of high strength and high hard-
ness with large total reduction. This was not quite so true for worktag
first at 1,8000 and then at 1,600° F. The continuously recrystallized
material from working at 2,200° and 2,000° F had strepgth in accord
with its hardness.

AU of these factors petit to an increase in the low-temperature
strengthening mechanism during working without an increase in the
weakening effect. The cause is not clear from the data. The material
worked first at 2,200° 1?may have been simply made more susceptible to .

st~*-~ for
of grain size with a

a given reduction at lower temperatures. Reduction
corresponding ticrease in the grain-boundary area
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to be moved to obtain a given degree of damage
suppression of precipitation during working at
have been involved. The high strengths of the

33

could be tivolved. The
1,800° sad 1,600° F may
materisl worked without

recrystallization suggest that a stdble structure was developed by the
high-temperature worldng which could be given further l~ted reductions
at lower temperatures without increasing the dsmage.

The improvementt h strength for low-stress creep (fig. ~(b)) was
less than that for rqture strength, as would be ~ected. The strengths
at 1,500° F were generally more netily in accord with those obtained by
a total reduction of k percent (figs. 33, 35, w> a 50) than tith
those obtained by any additive effect of strengtheningwithout increasing

-e= A~srently, insofsr as strength at 1,500° F is concerned, the
weakening component involved h the mount of reduction was not imhtbited
nearly so much as that for 1,200° F by working on a failing-temperature
range.

Q@l.ic heat~ and working.- When the ssmples were prepared by
heating and working repeatedly,at 1,500° F and at 1,8000, 2,000°, or
2,200° F, there was opportunity for a nuuiberof complicated reactions
to occur. Precipitation aud agglomeration were extensive when the top
temperature was 1,8000 F. Presumably, exbensive precipitation took
place particularly at 1,800° F. When the top temperature was 2,000° F,
the opportunity for precipitation at the top temperatures was reduced.
Presumably, there was rioprecipitation at 2,200° F and the o&ortuIlity
for nearly complete solution of precipitates formed at 1,500 F. I&e-
wise, the opportunity for recovery from prior working was present durm
the l/2-hour heating periods at the upper temperature.

H it is assumed that the 1/2 hour at 2,200° F give the opportunity
for nearly complete solution and recovery from prior working, then the
properties ought to be close to those arising from reductions of 5 per-
cent at 2,200° F plus 5 percent at 1,500° F. Data are not available
for working at 1,500° F. However, estimates based on available data
from this tivestigation and reference 1 indicate that the hardness and
properties are close to those which might be anticipated on this basis.
Moreover, they are generally in accord with the hardness correlations
of figures 47 through 50. The asme is true for an u~er temperature
of 2,000° F.

The material worked between 1,8000 and 1,500° F, however, had both
low strength and low hardness. Moreover, the properties were low on
the basis of the hardness correlations (figs. 4-7through 50). It is
presumed that the combination of extensive precipitation and agglomera-
tion dur@ working at 1,800° and 1,500° F conMned with recovery
effects at 1,800° F and the dsmage of extensi% reduction at low temper-
aturesall contributed to low strength.

. . .. .- — . . ... — . . -_—_ _____ ._ ____ ~ -— ——. .. . .. .
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The recovery from the dsmsge of &xtensive deformation when 2,000°
or 2,200° F was the top tempera- wuuld seem to be the msjor fac%or.

Effects of Rebating During Worldng

The role of rehedm was given very little a-tion in this inves-
tigation. ‘J?bEindications were, although it was not proven, that the
brief 5-minute reheats used had little influence on the accumulative
effealm of continued reduction by isothermal hot-working with reheats.
on the uther hand, solution treatments of 2 hours at 2,050° or of 1 hour
at 2>200° F apparently erased prior history effects. The assumption,
therefore, is that, in practice, reheats will have effects in between
these *remes @en&@ on the time and twnpersimre. Sufficiently
Iong times and high temperatures for the metsllurgicd. reactions to
attain completion wild.introduce materials with uniform initisl proper-
ties snd structimes. On the ukher hand, too short times and luw tem-
peratures to permit stabiliz~ion of @e stru* w321 tntroduce mate-
rials with varied initial properties and structures on which additional
worldng will be Sup-osed. This would presumbly alter the degree-
of-reduction effects as set forth in this investigation.

.

The material cyclically rolled between l,80Q0 -1,500° F (tdble X) .,
gave every indication that 1/2 hour at 1,800° F was not raaving prior
history effects. On the @her hand, the materiels cyclically rolled
between 2,000° or 2,200° F and 1,500° F had properties fairly close to
those which might be anticipated for solutirm-tres%edmaterial reduced
5 percent at those temperatures and then given a 5-percent reduction
at 1,500° F. Thus, the 1/2 hour at the higher temperatures msy hawe
quite effectively e13mdns%ed ~ influence from the prior cycle.

Response to He@ Treatmeni

The results from this tivestigation indicate that response to heat
trea-t is v&tuslQ independent of prior working conditions for
heat-treating temperatures in the range of 2,050° to 2,200° F. That is,
quite uniform response at either 2,050° or 2,200° F was obtained,
slthough the properties were different sfter each treatment. These data
are proof that the damage ccnnponentfrom working is not permanent and
can be removed by heat treatment.

This leaves a question as to the cause of the variations in proper-
ties observed h practice for specific treatments. The suggesticm is
t~ they are due to unidentified heat-to-heat variations. Before this
suggestion is accepted> @wever, checks should be made for cases where

.

actual differences are observed to make sure that there are not condi-
tions of working in practice which can introduce varisble respxme. “
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Treatment at 2,200° F was fuund to elimhate differences observed
between two heats during a previous investigation (refs. 1 end 6). One
heat tended to have substantially higher strengths at 1,200° F when the
material was heat treated at 2}050° F end then hot-cold-worked. This
is reflected in figure 51 for heat 30276. MOre extensive data in ref-
erence 6 showed that the materiel from heti 30276 had suibstsnti~
lower strength at the higher temperatures and longer time periods when
it was initially treated below 2,200° F. Moreover, there were --
sive structural changes which did not occur in heat A-1726, the material
used for the present investigation. There is no clear evidence as to
whether the difference between the heats was due to.differences in rior
history or to heat-to-heat differences. ?lSince a trea-t at 2,200 1?
seemed to eliminate the difference between the twu heats, the tendency
is to suspect prior history as the major factor. This, however, has
not been established. The available comparative data are presented in
table XIX and, with the exception noted, show remarkable agreemeti con.
sidering the possible verktions in treatment and testing. It will be
noted that, tnsofer as heat A-1726 is concerned, the original stock
heat treated only at 2,050° F had similar properties to those of the
material hitially treated d 2,200° F and then rerolled before heat
treatment at 2,050° F in this investigation.

Heat treatment would be expected to dissolve.precipitates and allow
their diffusion for chemicsl uniformity. In addition, recovery fim
strdning effects would be ~ected either by recrystallization or by
snnealing without recrystallization. From the results obtained in this
investigation, it a~esrs that 2 hours at 2,0500 F is a saewhat ma?-
ginal condition for these reactions to take place. The variations were
somewhat more than seems attribwhible to testing varidbles. TlliSfact
together with the variations in strength for the same treatment observed
in references 1 and 6 between heats leads to some question as to the
completeness of the metallurgical reactions in 2 hours at 2,0500 F sd%er”
sD. ccmditions of working.

The absence of any apparent effects from reheating during isother-
mal working indicates that response to heat treatment is sensitive to
time at temperature during heat treatment. Evidently, the 5-minute
reheats were too brief to allbw MUCh change when the working was being .
carried out at or close to the reheat taqerature. On the other hand,
the l/2-hour periods at the upper temperatures of 2,000° snd 2,200° 1?
during cyclic working a~srently were very effective, whereas the treat-
ment at 1,8000 F was not. It is a~arent that as the temperature and
time of heat trea-t sre increased prior history vsriaticms will have
less effect on the response to trea-t. Apparently, complete inde-
pendence from all such effects reqyires trea@nent at higher temperatures
then 2,050° F for 2 hour$, whereas there are conditions which can be
eMninated by 1/2 hour at temperatures as low as 2,000° F.

-——.--—— .—. ..-— — -.— — — ——-— —... — ._ .--— ----- ..—
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There are worldng conditions which lead to dmmmal grain gruwth.
,,

It is recognized that under these conditions the response to heat treat-
ment will not %e independent of prior history regardless of treatment
condition.

,,

It should be noted that the elongations.in rupture tests were more
vari~le than t% strengths. Jh particular, higher elongations at
1,200° F were obttied after a 2,200° F solution tresiment than were
obtained from the originsl stock.

General Observations

The relationships between hardness end properties in figures 47
through 50 clearly demonstrate the reasons for the inadequacy of hardness
for p~cting properties at high temperatures. Iarge reductions at
ess-tislly constant temperalmre or repeated reductions with reheats to
low temperatures too short in duration to allow recovery and solution
lead to low strength in relation to the hardness. Furthermore, if a
heat treatment is used which does not effectively remme effects of
prior history (or allows unidentified heat-to-heat differences to exert
an effect), there will be abnormal variations in the relatimship
between hardness and strength. For instance, the material.f%om
heat 30276 (refs. 1 and 6) had high rupture str,engthat 1,200° F in rela-
tion to its hardness (fig. 51) snd low strength at 1,500° F (table XIX) in
comparison with the material used for the present investigation.

No direct relatimship between grain size and properties was
observed. Recrystallization dnring working was frequently accompanied
by low strength. It is daibtful, however, that grti size in itse~
was nearly so much a factor a8 were strain—hadenhg ~ recovery effects~
and possible structural alterations or precipitation effects accoMPar@ng
the defOrmation.

The Mgh-tapera- precipitation accompanying exposure to or
worldng ti the temperature rsmge of 1,600° to 2,000° F had not previously
been observed. It certainly is the source of the extensive precipitates
frequently observed in hot-worked products. There is good evidence that
this precipitate is detrimental to longer time strengths at 1,2000 F and
that its effect waa a maximum from working at 1,8ooo F. Precipitation
during working was also accompanied by increased ~cipitation tiing
testing at 1,200° F. This as well as the original.precipitation dudng
world.ngcould ha- contributed to the decreased long-time strength.
Most of the data suggested that the very extensive precipitation and
agglmration during testing at 1,500° F overshadowed ~ effects from
prior precipitation. It must, hukver, be admitted that there were
certain cases where a modification of precipitation effects by working
would have been a convenient wsy to e@ain the results at 1,500° F.
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This waa particularly true for the relatively high strengths at 1,500° F
of the msterisls worked d 1,600° F and the large reductions possible
at 1,600° F without much loss in strength.

The reasons for or the significance of the sensitivity of the
lattice parameters to cooking rate sre not understood. ILkewise, their
variation with temperature and degree of reduction is not clear. There
does not appear to be an obvious reason for the observed effect of cooling
rate. The variation in parameters with conditions of working does not
seem to be explainable on the basis of ordinary solution and precipita-
tion of odd-sized atoms or in terms of the influence of the working on
the crystal structure of the grains● Iattice-parsmetervariations were,
however, so large that they do raise a question as to the presence of
unidentified metallurgical reactions which cuuld be hawing more effect
on properties than now seems evident. Certainly the results could not
be used to estimate soltiil.ityof alluytng elements as was o~

intended.

The observation that diffraction ties were too diffuse for accurate
ts after all reductions at 1,600° F and after inter- ‘parameter measurement

mediate reductions d 1,8000 F suggests that tbe degree of reduction
must not be the same at all temperdmres. The Shsrpelxlngof the lines
for large reductions supports a recovery-@pe mechanism for weakening
in the ~sence of visible recrystallization. Certainly there me corre-
sponding hardness levels at 1,600° F where lattice parsn&ers could be
measured for equivalent hardness values after working at the higher
temperatures. This seems to be additional evidence that the plastic-
flow mechsmism during working could be understood better.

Limitations of Results

The use of experimental material which had been drastically reduced
by hot-working is the most serious limitation on the generality of the
results. The possible undetected influence of unknown prior history
effects cannot be ruled out. So fsr as could be determined, the 2,200° F
treatment was effective in minimizing any influence from prior history.
Certainly, it could be expected that, even with a 2,200° F treatment,
prior working which did not eliminate cast structures would influence the
response to working.

~ practical hot-working such high-temperaturetreatments as that
at 2,200° F may not be applied as part of the normal practice. This
could lead to retention of the effects‘ofprior-working and to different
properties than wmild be predicted from the results of this investigation.
It would seem that the heating for workimg must effectively eliminate
prior history effects if the properties sre to be predictable. The study
of the response to heat treatment suggests that this would be the case

.
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for temperatures as low as 2,050° F. Howe=, there are cases where t~ ‘.
ssme properties were not obtained between heats (refs. 1 and 6) with a
2,050° F treatment. It must be concluded that heating for working to
temperatures of 2,050° F and below may result in variable response to
hot-work. Eqerience with the alloy has not, however, as yet disclosed -
cases where a 2,200° F treatment did not give quite reproducible
properties.

Al&ugh the l~tations introducedby the method and conditions
of workdng are uncertain$ the general principles should remain the same.
It is difficult, however, to foresee the effects of more rapid and
larger reductions during roll-, the difference between rolling and
hanmer-for@g, the influence of con@raht of dies, and so forth. The
surprisingly little clifference betwe~ men- and closed-pass rolling
suggests that such factors may be nrlnor. Only when closed-pass rolling
induced recrystallization for a 65-pert- reduction, whereas it was
absent during open-pass rolling, was the difference significant.

The conditions of worlslngon a fslling-temperaturerange tivesti-
gated were extremely limited. It now appears that this would be a fer-
tile field for further ~erimentation to cover more ranges of reduc-

.

tions end temperatures of reduction. It is suspected that stilJ higher
strengths them those observed at both 1,200° and 1,500° F would be
developed aa well aa more conditions leading to low strength. Further-
more, the mechanism involmd ougb% to be clearer. Also, there is rea-
son to suspect that worldng rapidly enough to cause sn increase in tem-
perature might be very damaging to strengths.

In this investigation, reasonably uniform worldng throughout the
cross sections was obtained. ~ actual practice, there may be consid-
erable variation in the metal movement within a given cross section.
This should lead to variable properties across the section in the hot-
worked condition. The properties at each individual point should, how-
ever, be in accordance with the degree of metal movement as indicated
by this investigation. Also, all tests in this investigationwere
carried out on samples taken fkom the bars in the &trection of rolling.
There My or may not be significant differences in properties for bars
in other Wections in relation to the direction of working.

It is believed that the general principles observed apply to s21
sllqys of the same general metaldurgicsl type. This would include
practically sll of the high-temperature slloys, except those dependent
on the age-biidening derived from slhmdnum plus titanium. The mounts
and temperatures”of reduction for increases or decreases in strength

.

.
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would be expected to vary depending on relative strain—harden@ and
recovery characteristicsduring working, as well as on individual struc-
tural stability characteristicsduring testing.

The observations recorded in the section “Results” regar&Lng the
influence of workhg conditions on the extent and duration of the vari-
ous stages of creep were not exknsively evaluated. They could have
pronounced effects on the time to attain lmted amounts of creep and
thereby be as important as the other properties more expensively
exsmined.

CONCLUSIONS

A study was made to determine the influence of various hot-working
conditions on the high-temperature properties of a heat-resistant alloy
and the effects of the hot-working on response to subsequent heat treat-
ment. Many of the variations in properties at high temperatures in the
hot-worked condition for slloys of the type investigated csn be predicted
from the results. Medium to low strengths will result from high rate
of production processes where large reductions are made at nearly con-
stsmt high temperatures. Very high strengths at 1,200° 1?and relatively
high strengths at 1,500° F are characteristic of gradual reductions over
a decreasing temperature rmge, probably being responsible for the comon
high strengths of experimental materisls. Strengths equal.to those char-
acteristic of hot-cold-wbrking at 1,200° F csn be obtained by such pro-
cedures with finishing t~eratures as high as 1,8000 F. Repeated
working with abnormsUy low reheat temperatures is one cause of very
lqw strengths.

These general ex@anations of characteristicproperties for hot-
worked products are based on the following summsrized results:

1. Strengths ticreased to maxhum values and then remained constant
or decreased as the amount of reduction at constant temperature was
increased. Optimum reductions generally were no more than 15 percent
and for long-the creep resistance, were less. Strengths at 1,200° F
were sensitive to the temperature of hot-working, tending to decrease
as temperature increased. Strengths at 1,~00° F were relatively insen-
sitive to temperature of working. Both were dependent on the degree of
reduction.

2. Working over a decreasing-temperature.range induced higher
strengths at 1,200° F thsn can be obtaine-dby working at a constant
temperature. Strengths at 1,500° F were not improved very much in rela-
tion to isothemnal reductions of the same degree. Low strengths ~re
obtained only when recrystallization continued at sM. temperatures of
working.
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3. Repeated working between l,8000 smdl,500° F yielded very low
strengths, while upper temperatures of 2,000° aud 2,200° F gave quite a

high strengths.

The data clearly show that hardness is not a reliable indicator of
,,

strength mainly because hardness can continue to increase while strengths
are railing off with more than optimum reducticm.

@ctility in the rupture tests, ~iculsrly at 1,500° F, decreased
end then increased with the amount of reduction and very low vslues were
avoided only for the larger reductions above 2,000° F.

The metallurgical causes for the observed variations in str&@h
and ductility were not definitely established. The data suggest that:

1. Strain-hardening is a major source of strengthening,although
other factors are involved.

2. Recovery effects due to recrystallization or, when the working
temperature was too low for recrystallization,to the same factors
which tnduce recrystallization appeared to limit stren@&ning and
cause decreasing @xsn@h tith increasing reduction past the optimum
amounts. .

.

3. There were aspects of the fblloff h strength for more than
optimmm reduction which suggested the development of mibgrain structures
as a mechanism. The decrease in the smount of reduction for reduced
strength and the accumulative damage effects for low-stress creep
suggest that weakening involves a recovery process in the gradn-bopnt&y
regions, as suggested by the fact that recrystallization started first
in such areas.

4. ~ strengths at 1,200° F did not fall off much with more
thaa the optimum reduction of 15 percent, suggesting that the damage
component of working had less influence on the resistance to the more
uniform crystalline slip processes of creep at relatively low tempera.
tures and high stresses than on the more viscous creep p?ocesses at low
stresses snd/or higher temperatures.

5. An extensive precipitation reaction at l,@OO to 2,000° F
a~eared to reduce long-time rupture strength at 1,2000 F. This here-
tofore Recognized precipitation reaction also induced @ensive pre-
cipitation durtng test- at 1,200° F. Apparently, it had little effect
at 1,500° F because of the extensive precipitation for sll conditions
during testing at that t~erature.

.

— .—. ——.- -—. — ——- ..--. .—



NACA TN 3727 41

6. Apparently, some effect of the precipitation reaction was
involved in the sensitivity of strengkh at 1,200° F to the temperature
of working. This also appeared to be the case for ductility.in rupture
tests at 1,500° F.

7. The results, in conjunction with data fr~ other investigations,
suggeti that maximum rupture strength at 1,200° F for working at constant
temperature occurs at a reduction of 15 percent regardless of the tem-
perature of working frm room temperature to 2,100° F. Secondly, there
is reason to believe that, if the precipitation at 1,600° to 2,000° F
did not influence strength, the m&cimum strengths would be ne=l.y con-
stant. Maximum rupture strengths at 1,500° F were independent of tem-
perature of working from 1,600° to 2,200° F but did not occur at constant
reduction.

8. Working over a f~ing-temperature range permitted an increase
in the amount of Wrdedng and strengthening at 1,200° F for a given
degree of reduction at the finishhg t~erature when recrystallization
occurred at the higher working temperatures. If reductions were kept
small at all t~eratures so that recrystallization did not occur, the
strengthening at 1,200° F, from limited reduction, appeared to become
additive. The weakening component appeared to remain constant as a
function of degree of reduction.

Very uniform responses to heat treatment were observed in this
investigation regardless of the conditions of hot-working. It-appeared
that the temperature 2,050° F was margined.,with no apparent effect at
2,200° F. Brief heheats during isothermal worldng to maintain tempera-
ture did not appesr to induce any changes. A reheat of 1/2 hour at
2,000° F after Umited reduction at both 2,000° and 1,500° F appeared
to eliminate the effects of prior working. This suggests that reheats
range in their effectiveness depending on whether the temperature and
time at temperature are sufficient for the metallurgical reactions to
reach completion.

An unexplained high degree of sensitivity of lattice parameters to
conditions of hot-working and to cooling rate was observed.

There are a nunber of l@itations to the results Wposed by the
limitations of the eqerimental. investigation. The ~erimentd. materiel
was extensively hot-worked and then solution treated at 2,200° F prior
to working for this investigation. Rather few data for working over a
falling-temperaturerange were obtained. Mttle study of reheat effects
was done. The limitation of the test material to one alloy also raises
a question as to the generality of the results. Because hot-working was
limited to rolling, further proof of the validity of ~ressing the

. . -. -. .—-.— —— . . ____ _ . .——. — ... --—
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results in terms of mount of reduction would be des~le even though
there was little difference between the results for open- and closed-
pass rolling.

university of MichigsJl,
Ann &bor, Mich., MW 20, 1955.

.

.

.

—- —— -— -- _-_ —-. —- —..



NACA TN 3727

APPEmmX

43

.

I!ROCESSIMGOF IOW-CARBUNI?-155 7/8-INcH BRoKm-coRmR SQUARE

BAR STOCKFRQMHEA!i!A-172&

An ingot was hammer cogged and then rolled to bar stock under the
folluwing conditions:

(1)

(2)

(3)

(4)

(5)

Hamer cogged to 13-inch-square bilet
Furnace temperature, 2,210°to 2,220°F
Three heats - Starting temperature on die, 2,050° to 2,070° F

Finish temperature on die, 1,830° to 1,870° F

~
Hammer cogged to 1 - inch-square billet

Furnace temperature, 2,200° to 2,2%0 F
Three heats - Starting temperature on die, 2,050° to 2,070° F

Finish temperature on die, 1,790° to 1,800° F

Hamer cogged to 7-inch-square billet
Furnace temperature, 2,200° to 2,220° F
Three heats - Sta-ting temperature on die, 2,050° to 2,070° F

Hmish temperature on die, 1,790° to l,8goo 1?

Billets ground to remove surface defects

Hammer cogged to ~lnch-square billet
Furnace temperature, 2,190° to 2,210° F
Three heats - Starting temperature on die, 2,040° to 2,060° F

Finish temperature on die, 1,680° to 1,880° F

BiJZets ground to remove surface defects

Hammer cogged to 2-inch-squsre billet--
Furnace tempera-, 2,180° to 2,210” 1?
Three heats - Startdng -tempera&e on die, 2,050° to 2,0650 F

Finish t~erature on die, 1,730° to 1,870° F

Billets ground to remove surface defects

(6) Rolled from 2-tich-squsrebillet to 7/8-tich broken-corner s-e
ber - one heat

Furnace temperature, 2,100° to 2,110° F
Bar temperature start.of rolling, 2,0500 to 2,0@0 F
Bar tanperature finish of ro~fng, 1,910° F

%eportedby the manufacturer~

.

--.-—— -- —-— -.--— ..—— .—— — —.



44

(7) MS
of

NACA TN 3727

arenunbered 1 through 56; bar 1 represents the extreme bottom
ingot smd bar 56, the extreme top position

All bil.letswere kept in mxiber sequence throughout all processing,
so that ingot position of any bar can be determinedly its nwiber

(8) All bars were cooled on the bed and no anneal or stress relief was
a~lied after rolling

.

z

.
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TAME v

HAMINEM W AS-ROILED BAR STOCK

(a) Isothemnsl rolling

Hardness for reduction, percent, of -
RolMng temperature

OF 20 25 b 65

Open passes

1,600 22.4--- 2a --- 23$)--- 255 --- --- qo 292 ---
1,800 202 --- 226 --- 237 --- 247 --- --- 259 276 284
2,000 202 --- 21.5--- 22g --- 240 --- --- 245 240 251
2,100 195 --- ~ 218 221 203 211 --- --- ah ao ---
2,200 x84 197 208 209 206 200 185 191 194 1$)8202 194

Closed passes

1,800 -----------”------243------263--- 251
2,000 ------------------238------2&g--- ---

(b) I?onisuthermslrolling

Rolling conditions Brtuell
haranes&

25 percent at 2,200° F plus 15 percent at 2,000° F
25 percent at 2,200° F plus 15 percent at 1,8ooo F 272

15 percent at 2,200° F plus 25 percent at I_j8000F 273
25 percent at 2,200° F plus 15 percent at 1,600° F 278

10 percent each at 2,200°, 2,000°, 1,8000, and 1,600° F 274

25 percent at 2,000° F plus 15 percent at 1,600° F 283

25 percent at 1,8000 F plus 15 percent at 1,600° F 283

Heat to 1,8000 F, 1/2 hr, roll 5 percent, cool to 1,500° F, 273

roll 5 percent, hold 2 hr, reheat to 1,8000 F. Repeat
cycle 3 more times.

Heat to 2,~0° F, l/2 br, roll 5 percent, cool to 1,500° F, 248
roll 5 percent, hold 2 hr, reheat to 2,000° F. Repeat
cycle 3 more t-s.

Heat to 2,200° F, 1/2 hr, roll 5 percent, cool to 1,500° F, 248
roll 5 percent, hold 2 hr, reheat to 2,200° F. Repeat
cycle 3 more times.

— -.. ..— —.
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[ unless epecifiea otherwise, spechens were air ccd.edandme asmwmntswerem aaeon
surfaces ~e to rolling direct+

(E)mehenceofamountatlateqemhm of reduction

Reallationj percent I -i= ~, A

Rolledat1,- F

o 3.%74

Rolledat1,8w”F

o 39%90
3.5886

; 3.%77
10
40

3.5869

40
3.5891
3.5887

R- at2,00@F

o 3.*
o 3.%%

3.5878
1? 3*SP
1.5
18

3.5866
3.%

?
:$ 3.% 7

3.%71
25 3.5868 —

3.5870
;
135

3.%93

40
3.%90

Ao
3.55’06

65
3.s
3.5900

Rolledd 2,100°F

; ;:%
5 3.*3
5 3.%6
7 3.%70

3.%79
1? 3.s7

3.-
% 3*W3
u 3.%92

3.5890
z 3*W

%50 to ImlMIlg direction.
bgrf ~ rou.ing direction.

.. .... —-__-— —- —— . . —. .
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!l!mIEVI.- CoIlclldea

V.uA’is m LA!mmE PARmml!m

(a)lhfluenceofmmuot end~erahmeof reduction—Concl@ed

Reduction, percemt ! Iattice pmmmeter, A

Rolledti 2,200° F

o

15
20

;:%
3.%@

3.5860

3.%66

3.3662
3.5871
3.%81

%%
3.3891
3.%80
3.%73
3.5380

;:~
.

(b)~uence of cwltng rate &cm reheat tempera-

1,625
1,825
2,05
2,223

2%7
3.%47
3*W3

(c) mfmence ofccmlingzzr&fran2,@j0 F

[@ecimeneheatedto 2,023°F, 1/2=, and &led as Mcat&]

I MethoaofcoolinR

oil queneh.ea
Cooledh vermiculite ;:%!

3.%34

“,

.

.
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As-receiyed7j8+nch bsr stock
I

m
02

1 I I
1,600° F

1
1,800° F 2,000° F 2,100° F z,&O F

hrk EIti@.
.EiEEzzE”*
%Reductionerequiredone or more rehsats.

(a) Isothermal rolliIw.

Elgme l.- F1.ow sheet of rolllng progran. Reductions were me&e fi open passes unless otherwise
9

~ndicded 3

2

,
,



k-aculwd 7/8incialm Ftocil

1

~~~ m~
at Mlcfd9d tempsratmea

1 J 1 1 1
26 pmcmt d ’26 prcent at

1
Is-at ,25pmmt et 10 Jmrcmt ench et

z-o ~ @~ 2@OQ F plus .a20@O@ti: !@@ F Pti
26p&centat

16 Prcmt et
2jWJ, 2JXW,

25 WoEgltat “

15pBroentat 10p9mYli8t
2JXK10 F PM

;fg:,=d
lWJ Eplm

2p@ F l@O~ F 1,00@ F 1,- F
15percazd Et lflpercentat

, . l,eOfY F l,OXP F

+
Eeat.edto1~ F, 1/2 h,

rolld 5-, DOOM to
I,IX@F, rolled5-,
held2h, mhEEtKit0
l~F. (@Xd C$d@

three mom tlmemJ

4
Heatad to 2@@ F, 1/2 h,

rolled6 pmoent, cooled to
l,LOYF, rolW15proent,
held 2 In’,rekded to
2* F. (&Pat ojcle
thee - tlmea,) 3

Heatsd to 2@W F, 1/2 h,
rollsd6 proent, oaoled to
l@I@ r, rolled5 peroent,
i101d21u’,mheutedt4)
2@YJ r. (Repaat cycle
thee mm times.)

(b) Ncmieothermal rolling.

-e 1.- Concluded.

I

I



70 NACA !CN3727

5

4!

4(

x

15,

10

5

! 103

.

1,000hours —

I I I I 1 1

(a) Tasted * l,20@ F.

10 20 30 40 50 m

Reduciioq percent

(b) Tested at l,~” F.

Figure 2.- Influence of isothermal reductions at 2,200° F on as-rolled
100- snd 1,~0-hour rupture strengths at 1,2000 and.1,500° F. Reduc-
tions larger than 25 percent reqtied one or more reheats during
rolling.
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.

-.

1.000hours

Tt-..
30 ,

k
:.

. . . .

&u,

4

10;
. .

5
..

0

I1.O(X)hours

. .“

.:

-

Reduction,percent.

(b) Tested at 1,~0° F.

=e 30- Influence of isothermal reductions at 2,100° F on as-rolled
100- and 1,000-hour rupture strengths at 1,200° and 1,~“ F. Reduc-
tion of ~ percent required one reheat during roUing.
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30X ~~3

50

● Reductioninopenpssses

= Reductioninclosedpasses

35

(a) Tested atl,ZOO° F. ““
9R

Reduction,percent

(b) Tested at l,~” F.

50 al

-e 40- Influence of isothemnal reductions at 2,CXIOOF on as-rolled
100- and 1,000-how rupture strengths at 1,200° and 1,~0° F. Reduc-
tions larger than 25 percent required one or more reheats during
rolling.
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PIT
-

● Reductioninopm passes

D Reductionh closedpasses

35

DUIY

3

(a) ‘lasted at l,d F.
~ 25

E
?s
ii

20 .
r

8
100hours

15 1A - .

I

10

5
0 10 20 xl 40 50 60

Reduction,percent

(b) Tested at 1,500° F.

Figure 5.- Influence of isothermal reductions at 1,&)OO F on as-rolled
1oo- snd 1,000-hour rupture strengths at 1,2Q0° ana 1,500° F. Reduc-
tions larger than 25 percent required one or more reheats during
rolling.
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l?Oxlo3—

55

50

L
45 -

40

I

(a)Tasted dLI..@@ F.
25

0 10 40

Reduction,p??%ed

(b) Tested at l,~” F.

100hours

‘1,000houis

z100hours

1;000how-s

I

50

Figure 6.- Mluence of isothermal reductions at 1,600° F on as-rolled
100- and 1,000-hour ruphrre strengths at 1,200° and 1,~0° F. Reduc-
tions lsrger than 15 percent req.tied one or more reheats during
rolMng.
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40 I

.( awn strength
l’\ Vi I 1 65 (closed pass)
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J
25,x 103

1 J I 1

(a)

-7.-

R.wture strength at 1,2000 F.
b) RUP+HJI’1=strmgthe a-b l,wO F.

Influence of temperatm of hot-working on rupture strengths for 100 end 3.,000 hours

at l,2t0° aud 1,500° F.
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25

20

15

20

5

0

(

c

X 1,000 hours

) Reductions for machmm rupture strengtl

25 -X103- ~

I
20

c} ) Q

1,800 2,000 2,200

(b)

Figure 8.-Reduction by

Rollingtemperature, ‘F

Maximum rupture strengths.

rolling for maxtium rupture strength at 1,~“ F.
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40

m

100-hr elongation
1,200° F

@ l,CXM-hr elongation

~ 100-br elongatlonl ~. ~

■ 1,000-brelongtim ‘

o 10 m so 40 Eo 60 70 80

me 9.- IrKlueme of isothermal reductions at 2,200° F on aa-rolMd
100- end 1,000-hour interpolated rqdmre elongatlone at 1,200° and
l,~” F. Reductions Im.’ger than 25 percent acquired one or more
reheats during rolling.

I

I



‘xl

m
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- 40
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1

35 L

! 2fl “
o

I
o-

10

0
0 lb xl

i

0 loo-hr Slon@ion
l,~o F

@ I,ooo-br elongation

El
100-hr elongation

l,~o F

~ I,W-h elommtkm

60 w 70 I

ReduoUon, pw.+ad

me m.- IM1.uence of isothermal reductions at Z!j 100° F cm as-roUed

100- and 1,000-hour Intqlti rupture elongations at 1,2000 and

l,~” F. Retiction of ~ percenti reqtied one reheat d.ur~ roll.lng.
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“a

100-hr elongation

● . 1,003-br elongation

w
❑ 103-hr elongation

1. 1,000-hr elongation

1,600° F

40

w

m

Reduction, percent

Figure 1.1. - Ibfluence of isothermal reductions at 2,000° F on ss-rolMd
3.00- and 1,~0-hour Interpolated rupture elongations at 1,200° snd

l,~” F. Reductions larger than 25 percent required one or more

reheats during rolling. -4
u)
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1

a
100-hr elongation

1 ,~o ~
@ 1,000-hr elongation

II 100 -hr elongation
l,~o ~

Q 1,000-hr elongation

A

60 70

Reduction, peroeti

F&we 12. - Influence of Isothermal reductions at 1,&O” F on as-rolled
100- end 1,000-hour Interpolated rupture elongations at 1, ZOO” and.

l,~” F. Reductlona larger than a percent rqdred one or more
reheate Wring rou.
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-o

0 100-hr elongation
1,200°F

● 1,000-hrelongation

❑ 100-hr elongation
1,500°F

■ 1,000-hrelongation

..

10 20 30.40 50 60
Reduction,percent

Figure 13.- lhfluence of isothermal reduction at 1,6000 F on the as-rolled
●.

100- and 1,0~-hour interpolated rupture elongations at 1,2000 and
1,500° F. Reduction ,of~ percent required one reheat during rolling.
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I

ercent reduction

[

0
/

‘~fd~~n>~,
‘minimum eIo~.ation

I

(i) 100 hours.

~

‘- 20
I I I elongation

1Reduction for minimum elo ation
g- n

I

%——
.I-l
~ 10
d Minimum elo~tion~ v

~
Ho I

i ,600 1,800 2,000 2,200

Rollingtemperature, ‘F

(b) 1,000 hours.

o .

Figure lk.- Relationships between rolling temperature and elongation for
rupture in 100 and 1,000 hours at 1,~0° F for no reduction and for
reduction giving ndnimum elongation.
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I
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x 10-”

--
10 20 w 40 50

Reductio& percent

Figure 15.- Influence of isothermal reductions at indicated rolMng

temperature on as-rolled minimum creep rates for 50,000 psi at

1,200° F. Reductions larger than 15 percent at 1,6000 F or larger than
25 percent at 1,800° F and above reqyired one or more reheats during
rolling.
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‘1,000x lo-1~

100
●

1

1
0 10 4

,

/

so 40 50 60

Reduction,percent

Figure 16. - Influence of isothermal reductions at indicated rolling tem-
perature on as-rolled minimum creep rates in 1,000 hours for 25,000 psi
at 1,200° F. Reductions @rger than 15 percent at 1,600° F or larger
than 25 percent at 1}8000 F and above required one or more reheats
during rolUmg.
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NACATN 3727

1,000 x 10-3” I 1 I I I I. . . . . .

.

100

(

I\\I/lx I / 12,000°F I_
10

1~ 1 I m 1 I I

o io 20 90 40 50 60

Reduction,percent

Figure 17.- I@luence of isothermal reductions at indicated rolling tem-
peratures on as-rolled minimum creep rate for 15,000 psi at 1,500° F.
Reductions larger tham 15 percent at 1,6000 F or-larger than 25 percent
at 1,8000 F and above required one or more reheats during rolling.
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1,000 x 10-5

)

100

2,200° F

10

4

1
-cl 10 20 30 40 50

@duction,percent

Figure 18.- Influence of isothemal reductions at indicated rolling tem-
peratures on as-rolled minimum creep rate in 1,000 hours for 8,000 psi
at 1,500° F. Reductions larger than 15 percent at 1,8~0 F and above
reqzlred one or more reheats during rolHng.
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(a) 1,200° F.
30 .

.-
20 ‘ “. \

c
\ 15,000 psi

#

10”
---

8,000 psi

o. I T
i ,600 1,800

Rolling

..-

2,000

temperature, ‘F

2,200

Minimu?.ncreep rate at indicated stress
Maximum rupture strength

Figure 19.- Influence of rolling temperature on percent reduction for
maximum creep and rupture properties at 1,2000 and 1,500° F for indi-— — —
cated conditions.
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Figure 20. - Influence of imtherml reducthna at 1,600°, 1,8000, 2,000°) 2,100°, m 2,200° F on !$

as-rolled hardness. Reductions larger than ~ percent at 1,600° F or larger than 2’j percent Y
at l,8CiO0F and above required me or more reheats during rol.llng. 3
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Xloo Xlooo

(a) Rolled O percent.

Xloo

(b) Rolled 15 percent.

Figure 21.- Effect of isothemal reductions at
Bar stock was soltiion treated at 2,200° F,
prior to rolling. (Electrolyticallyetched

Xlooo

L-92488

l,6cx10F on microstructure.
1 hour, and water quenched
in 10 percent chromic acid.)
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Figure 22.- Effect of isothermal reductions at
Bar stock was solution treated at 2,200° F,
prior to rolling. (Electrolytics2Jyetched
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1,8000F on microstructure.
1 hour, and water quenched
in 10 percent chromic acid.)
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Figure 22.- Conclu*d.
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Figure 23.- Effect of isothermal reductions at
Bar stock was solution treated at 2,200° F,
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2,0CX)0F on microstructure.
1 hour, and water quenched
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Figure 24.- Effect of isothermal reductions at
Bar stock was solution treated at 2,200° F,
prior to rolling. (Electrolyticallyetched
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2,2~0 F on microstructure.
1 hour, and water quenched
in 10 perceti chromic acid.)
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Figure 24,- Concluded.



WA TN 3727 97

J.,

1-
J
“, .
, ..

ff?
%
.

,,,
4

.“

m
b’,
,,

,, ‘

- ..:0, -.J>
s..,.
,* t
...”.!

.: .
. ‘. ?.. .

.-”;;.”, ;> =-,3 . ‘:9 \,. .3 ... i “,:, .-, ‘ ‘{..,,. . “, ..,., , ,
,., . .

Xloo

(a) Rolled O

--- , ..
0 .1:

. . .

,
.’

. .

.

‘,:.

‘,
. .

. .

., ..<
,. t’ , .-’f’:

$ . ‘.’ J- .~
,. ;. .. .

. . L’ ..’,,
i,’. t ... ..’”

i. .. .::, , \* ●✎

●✎✌✎
c

.“,..? .
.}. /’ ~, .\ ..:;.,., ,,,< ~.,,“ .

4.
. . ::

●+”.’.,
. .’ ;.;’.’;4 b,

: .,, ,
.. .

. . # ‘,‘..
< .,p,,.,

a

-oa,
,.
,., .,

XIQOO

percent.

Xloo

(b) Rolled 10 percent.

Xlooo

L-92496

Figure 25.- Microstructures after creep testing for 1,000 hours at 1,200° F
with stress of 25,000 psi. Prior to testing, bar stock was solution
treated at 2,2000 F, 1 hour, water quenched, and rolled at 1,6ooo F as
indicated. (Electrolyticallyetched in 10 percent chromic acid.)
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Figure 25.- Concluded.
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)?igure26. - Microstructure after creep testing for 1,000 hours at 1,200° F
with stress of 25,000 psi. ~ior to testhg, bar stock was solution
treated at 2,200° F, 1 hour, water qpenched, and rolled at 2,200° F as
Mcated. (Electrolyticallyetched in 10 percent chromic acid.)
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Figure 27.- Typical microstructure after ~eep testing for l,OCO hours
at l,5M0 F with stress of 8,OOO psi. Prior to testing, bar stock was
solution treated at 2,200° F, 1 hour, water quenched, and rolled as
indicated. (Electrolyticallyetched in 10 percent chromic acid.)
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as indic@ed.
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Figure m.- Effect of rolling teqeratwe on creep rate at 1,2000 F for variouE ~B ad

methods of deformation.



1,8CKI l#oc 2.OCQ 2,200 1,800 1,800 2,000 2W0

Final-rolllng temperature, ‘F Final rolllng temperature, ‘F

(4 15,000 WL (b) 80&lpsis
‘O -25 percent at 2,2(W F plus 16 percent at Wlcated bperatwe
A - 1(Jper- e~h st s,~o, 2,13@, 1,8000,”~ l,~o F

+. -25 ~rcent at 1,800° F plus 15 percent at indicated temperature
❑ -15 percent d 2,200° F plus 25 percerd at Micsfed temperature
X -25 percent at 2,00W F plus 16 percent at Mcated temperstw’e
● --40 pqcenk isothermslJy at indicated temperature
■ -15 pSIIC~ is&_ at ~~d temper~e

F@xre ~.- Effect of rol13ng tmrature on creep rate at 1,~0° F for various emmmts end

methods of deforDBt ion.

E

,

1

I

I

,



-15s
NACATN 5727

Xloo

(a) Rolled 25 percent at 2,200°

Xloo

“

. .’”.
*&”o”” ?“’+

-e. ● ●..
“. a“’ ~“

. . .
_-

Xl;oo

F plus 15 percent at 2,000° F.
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L-93493
(b) Ro~d 25 percent at 2,200° F plus 15 percent at 1,8000 F.

Figure 36.- Effect of nonisckhermal reductions on microstructure. Bar
stock was solution treated, 1 hour, water quenched, and then rolled
as indicated. (Electrolyticallyetched inlOperceti chromic acid.)
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(c) Rolled 10 percent each at 2,200°, 2,000°, 1,8~0, and 1,6000 F.
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(d) Rolled 25 percent at 2,000° F plus 15 percent at

Figure 36.- Concluded.
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Xloo Xlooo

(a) Rolled 25 percent at 2,200° F plus 15 percent at 2,000° F
(l,M hours).

Xloo Xlooo

L-93495
(b) Rolled 25 percent at 2,2~0 F plus 15 percent at 1,8000 F

(1,1~ hws) .

Figure 37.- Microstructures after creep testing for 1,000 hours at
1,2000 F with stress of 25,000 Psi. Prior to testing, bar stock was
solution treated at 2,200° F, 1 hour, water quenched, and rolled as
indicated. (Electrolyticall yetchedin 10 percent chromic acid.)
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Figure 39.-
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Effect of cyclic rollinn on minimum creep rates at 1,200°
and 1,500° F for indicated initial stresses.
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(a) Heated to 2,200° F, 1/2
rolled ~ percent, held 2
cycle three more times.

Xlooo

L

hour, rolled 5 percent, cooled to 1,500° F,
hours, and reheated to 2,2000 F. Repeated

.

Xloo Xlooo

L-93497
(b) Heated to 2,000° F, 1/2 hour, rolled 5 percent, cooled to 1,500° F,

rolled 5 percent, held 2 hours, reheated to 2,000° F. Repeated three
more times.

Figure @.- Effect of cyclic rolling on microstructure. ~ stock was
solution treated at 2,200° F, 1 hour, water quenched, and rolled as
indicated. (Electrolyticallyetched in 10 perceti chromic acid.)
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Figure 41.- Ini’luenceal?rollSng t@arature and amount a? reduction on response to heat treat-

ment. After rolling as indicated, bars were solution treated at 2,200° F, 1 hour, water

quenched, and then rupture tested at 1,2000 or 1,500° F.
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50 x 103

a
40

.
35

D

30
180 200 220 240

Brinell herdness

X - Rolled at 2,200° F A - Rolled at 2,000° F
■ - Rolledat2,100°F 0- Rolledet1,800°F

●-Rolledat1,800°F

A -25 percentat2,200°F plus15percentat2,000°F
0-25 percentat2,200°F plus15percentat1,8000F
+ -15 percentat2,200°F plus25percentat1,800°F
A -25 percentat2,200°F plus15percentat1,800°F
❑ -10 percenteachat2,200°,2,0000,1,800°,snd1,800°F
v -25 percentat2,000°F plus15percentat1,MIOoF
0-25 percentat1,800°F plus15percentat1,800°F
0- Heeito1,8000F, 1/2hr,roll5 percent,coolto1,500°F,

roll5 percent,hold2 hr,reheatto1,800°F. Repeat
cyclefourtimes.

e -Heatto2,000°F, 1/2hr,roll5 percent,coolto1,500°F,
roll5 petcent,hold2 br,reheatto2;000°F. Repeat “
cyclefourties. -

❑ -Heatto2,200°F, 1/2hr,roll5 percent,cool to 1,500° F,
roll $ percent, hold 2 hr,reheatto2,200°F. Repeat
cyclefourtimes.

(b) 1,000-lmur rupture strengths.

Figure k7.- Concluded.
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!4) 2(M 220 240 260 260 :

Brinell hardness

X - ROM & 2,200° F A - Rd.led at 2,000° F
■ - Rolled at 2,100° F o -Rolled atl,6000F

. - Rolled at 1,6000 F

A -25 percent at 2,200° F plus15 pw?cedti.2,000° F
❑ -’25 percentat 2,200°F plus15percentat 1,6000F
+ -15 percentat 2,200°F phls25percentat 1,600°F
A -25 percent s,t2,200° F plus 15 percent at 1,3000 F
❑ -10 percent each at 2,200°, 2,000°, 1,600°, and 16000 F
v -25 percent at 2,000° F plus 15 percent at l,600d F
O -25 percent at 1,800° F plus 15 percent at 1,600° F
e - Heat to 1,600° F, 1/2 hr, roll 5 percent, 0001 to 1,500° F,

roll 5 percent, hold 2 hr, reheat to 1,6000 F. R8peat
cycle four ties.

e - Heat to 2,000° F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat ta 2,000° F. Repeat
cycle fow times.

•1 - Heat to 2,200° F, 1/2 hr, roll 5 percd, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 2,200° F. F&peat
cycle four times.

(a) Initial stress, 50,000 psi.

I

)0

Figure ~.- Correlation of minimum creep mte for initial stresses of
50,000 and 25,000 psi at 1,200° F with as-rolled Brinefi hardness.
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9 220 240 260 28a 300

Brinell h2UXheSS

X - Rolled at 2,200°F A -Rolledat2,000°F
■ -Rolledat2,100°F o -Rolledat1,8000F

. -Rolledat1,600°F

A- 25percentat2@Oo F plus15percentat2,000°F
❑ -25percentat2,2000F plus15percentat1,8000F
+-15 percentat2,2000F plus25percentat1,800°F
A- 25 perceti at 2,2000F plus 15 percent at l,t1000F
❑ - 10 percenteachat2,24)0°,2,000°,1,800°,and1,600°F
V- 25percentat2,000°F plus15percentat1,600°F
0-25 percentat1,800°F plus15percentat1,600°F
0- Heatto1,8000F, 1/2hr,roll5 percent,coolto1,500°F,

roll5 percent,hold2 hr,reheatto1,800°F. Repeat
cyclefourtimes.

e -Hestto2,0000F, 1/2hr,roll5 percent,coolto1,500°F,
roll5 percent,hold2 hr,reheatto2,000°F. Rewat
cyclefourties.

❑ -Hestto2,200°F, 1/2hr,roll5 percent,coolto1,500°F,
roll5 percent,hold2 hr,reheatto2,200°F. Re@at
cyclefourtimes.

(b) llinimm creep rate in 1,000 hours; initial-stress) ~~ Om Psi ●

Figure ~.- Concluded=
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180

BrhEll hsl?dneSS

x -Rolledat2,200°F A -Rolledat2,000° F
m -Rolledat2,100°F o -Rolledat1,800°F

● -Rolledat1,600°F

A -25 percent at 2,2000 F plus 15 percentat2,000°F
-25 percentat2,200°F plus15 percentat1,8000F

~ -15 percentat2,200°F plus25 percentat1,800°F
- Z5 percentat2,200°F phs 15percentat1,600°F

❑ -10 percenteachat2,200°,2,000°,1,800°,and1,600°F
-25 percentat2,000°F plus15percentat1,6000F

: -25 percentat1,800°F plus15 percentat1,600°F
-Heatto1,800°F, 1/2hr,roll5 percent,coolto1,500°F,

roll5 ~rcent,hold2 hr,reheatto1,800°F. Repeat
cyclefourtimes.

e -Heatto2,000°F, 1/2hr,roll5 percent,coolto1,5Q0°F,
roll5 percent,hold2 hr,reheatto2,000°F. Repeat
cyclefourtimes.

c1 -Heatto2,200°F, 1/2hr,roll5 percent,coolto1,500°F,
roll5 prcent,hold2 hr,reheatto2,200°F. Repeat
cyclefourtimes.

(a)

Figure 49.- Correl-ation
l,5CX1°F

100-hour rupture strengths.

of 100-hour and 1,000-hour rupture stren@hs at
with as-rolled Brinell hardness.
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9

15’

10

5

Oj I I I I I I
180 200 2“m 240 260 280 300

Brinell-hardness

)(-Rolledat2,200° F A - Rolledat2,000°F
■ -Rolledat2,100° F O -Rolledat1,800°F

● -Rolledat1,600°1?

A -25 percent at 2,200° F plus 15 percentat2,000°F
Cl-25 percentat2,200°F plus15 Brceti at1,8000F
+ -15 percentat2,200°F plus25 percentat1,8000F
A -25 percentat2,200°F p@s 15 percentat1,6000F
U -10 percenteach at2,200°,2,000°,1,800°,snd 1,6000F ‘
v -25 @rcent at2,000°)?plus15 percentat1,6000F ~
0-25 percentat1,8000F plus15 percentat1,600°F
0- Heatto1,800°F, 1/2 hr,roll5 perceti,coolto1,590°F,

roll5 percent,hold2 hr,reheatto1,800°F. Repeat
cyclefourties.

0- Heatto2,0000F, 1/2 hr,roll5 percent,coolto1,500°F,
roll5 percent,hold2 hr,reheatto2,000°F. Repeat .
cycle“fourtimes.

❑ -Heatto2,200°F, 1/2 hr,roll5 percent,coolto1,5000F,
roll5 percent,hold2 hr,reheatto2,200°F. Repeat
cyclefourtimes.

(b) 1,000-hour rupture strengths.

Figure 49.- Concluded.
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180 200 220 240 260 280 200

Brineli hsXdIESS

X-Rolled at2,200°F A- ~lled at 2,0000”F
■ - Rolled at 2,100° F O- Rolled at 1,8000F

● - Rolled at 1,600° F

A- 25percentat2,200°F plus 15 percentat2,000°F
❑ - 25percent at 2,200° F plus 15 pxcent at 1,8000F
+-15 percent at 2,200° F plus 25 percent at1,800°F
A- 25 percent at 2,2000F plus 15 percent d 1,600° F
❑ - 10 percexit -eschat 2,200°, 2,000°, 1,800°, and 1,6000F
V- 25percent at 2,000°F plus 15 percent at 1,6000 F
O-25 percent at 1,800° F plus 15 percentat1,600°F
0- Hestto2,000° F, 1/2hr, roll 5 percent, cool to 1,5000F,

roll 5 percent, hold 2 br,reheat to 2,000° F. Repeat
cyclefourties.

❑-Hestto2,200°F, 1/2hr, roll 5 pacced, cool to 1,500° F,
roll 5percent, hold 2 hr, reheat to 2,200° F. Repeat
cycle four times.

(a) Initial stress, 15,000 psi.

Figure 50.- Correlstion of minimum creep rate for initial stresses of
15,000 and 8,000 psi at 1,500° F with as-rolled Brfnell hardness.
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&1,150 p 280

10C
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ii

1(

) 200 220 240 260 280 &

Brinell ha?dllSSS

X- Rolled at 2,200°F A- Rolled at 2,000° F
=- Rolled at 2,100° F O- Rolled at .1,8000F

● - Rolled at l,6Q0° F

❑ l- 25percent at 2,200° F plus 15 percent at 1,800° F
+-15 percentat2,200°F plus 25 percent at 1,800° F

.

El- 10percent each at 2,200°, 2,000°, l,800d, and 1,600° F
V- 25perced at 2,000°F plus 15 percent at l,6UOo F
0-25 percent at 1,800° F plus 15 percent at 1,600° F
0- Heat to 1,800° F, 1/2 hr, roll 5 percent, cool to 1,5000 F,

roll 5 percent, hold 2 hr, reheat to 1,800° F. Repeat
‘cycle four times.

0- Heat to 2,0000 F, 1/2 hr, roll 5 percent-, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 2,0000 F. Repeat
cycle four times.

❑ - Heat to 2,200° F, 1/2 hr, roll 5 percent, cool to 1,5000 F,
roll 5 percent,hold 2 hr, reheat to 2,2000F. Repeat
cycle four times.

(b) 1~ creep rate in 1,000 hours; Mtial stress, 8,000 psi.

Figure 50.- Concluded.
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Figure 51. - Comparison of 1,200° F rupture strengths, rupture elongat
and Brinell hardness after ~-percent reduction at various tempera
for this investigation and another heat of same tioy (heat 30276,
ref. 1).
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A
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(b) 1,5~0 F.

Figure 52. - Effect Ofamountof isothermal reduction in open passes at
various temperatures on change in 100- and 1,000-hour rupture strengths
at 1,200° and 1,500° F.
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